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OBJECTIVES

Major research activities were undertaken between February 2000 and November 2004 in
the Center for Advanced Materials and Structures at the University of Denver toward the
development of experimental and computational methodologies to facilitate the onalysis
of failure mechanisms in graphite/PMR-15 composites subjected to biaxial shear
dominated loads. The two primary goals of this research program were to (1) understand
the niechanical behavior of unidirectional and woven graphite/polyimide composites
based on medium (T-650) and high (M40J an(i M60J) modulus graphite fibers with
PMR-15 and PMR-ﬁ-SO polyimide resins tested under biaxial, shear dominated stress
conditions over a temperature range of 20°C to 316°C considering the effects of physical
and chemical aging, and moisture, and (2) to develop a method for determining residual
thermal stresses in the high temperature polymer matrix composites based on X-ray

diffraction (XRD) measurements of strains in embedded metallic spherical inclusions.
EXECUTIVE SUMMARY

Graphite/polyimide composites are advanced materials that are widely used in aerospace
applications at temperatures up to approximately 400°C [1-40]. A major limitation of
woven fiber/polyimide systems is the inability of these matcrialo to resist intralaminar
and interlaminar damage initiation and propagation under shear-dominated biaxial
loading conditions.  Therefore, failure analyses of unidirectional and woven
graphite/polyimidé composites based on medium (T650-35) and high (M40J and M60J)
modulus graphite fibers- with PMR-15 and PMR-II-50 polyimide resins have been
performed experimentally and numerically in this s’rudy [1-5,9-11,14-17,20-25,
27,28,30,31-35,37-40]. The composites were subjected to biaxial shear dominated stres’s‘
conditions over a temperature range from 20°C to 316°C. Particular attention was given
to the evaluation of damage development and its effect on the shear strengths of the
woven composites using the Iosipescu shear and +45° tensile tests. In support of the
mechanical testing part of this research, the applications of the Iosipescu and +45° tests

for the room and high temperature failure analyses of woven graphite/polyimide




composites was numerically evaluated by performing non-linear finite element
computations of these two tests. Then, visco-elastic and visco-elasto-plastic micro- and
meso-stress distributions in the composites were conducted under several different biaxial
shear dominated load cases considering the manufacturing cycles of the composites. The
numerically predicted micro-stresses were subsequently used to explain the initiation of
damage in the composites as a function of temperature, biaxial loads, strain rates and
manufacturing conditions, among several other less critical factors. The effect of aging of
the composites in air and in nitrogen on their mechanical response was also thoroughly
evaluated. Since the transverse Young moduli and transverse coefficients of thermal
expansion (CTE) of the T650-35, M40J and M60J fibers were either unknown (M40J and
MGOJ) or inaccurate (T650-35), new numerical/experimental techniques were designed to
evaluate these properties, as well as several other stiffness properties, from the
~ macroscopic data for the unidirectional and woven composites based on the same fibers

and used to determine the properties of the fibers.

Major advances were also made in this project in the development of an
experimental/numerical technique for the determination of interlaminar residual stresses
in unidirectional and woven graphite/polymer composites based on X-ray diffraction
measurements of residual strains in embedded metallic inclusions [6-
8,12,13,18,19,20,26,29,36]. The interlaminar residual stresses in the unidirectional and
8HS graphite/PMR-15 | composites have been determined both experimentally and
numerically as a function of the manufacturing process using the newly developed testing
methodology. Then the method was used to evaluate the residual interlaminar stresses in
the T650/PMR-15 composite as a function of bending deformations. In particular, the
effect of large bending moments on the XRD measurements of the residual stresses in the
particles was carefully examined and the limitations of the methodology were discussed.
Subsequently, the method was used to evaluate the residual interlaminar stresses in the
unidirectional and woven 8HS T650/PMR-15 composites subjected to aging either in air
or nitrogen. To explain the effect of oxidation on the surface of the inclusions, a new

analytical method for determination of thermal stress distributions around double

inclusions embedded in an unbounded matrix due to a uniform temperature change has




- been developed. Finally, such factors as the volume fraction of inclusions, their aspect.

ratios and the interaction between embedded inclusions were also evaluated in this study.

It has been shown that despite its complexity, the proposed method can be successfully
applied to the evaluation of residual stresses in high temperature polymer matrix

composites subjected o external loads and aging.
Between February 2000 and December 2004 this research resulted in:

» Eighteen published papers in Acta Materialia, Proceedings of the Royal Society,
. Composites Science and Technology, Composites Part A, Composites Te echnology
& Research, Mechanics of Advanced Materials and Structures, and the Jowrnal of
' Composite Materials. _

¢ Two journal papers submitted and two additional to be submitted in J anuary 2005,

e Thirteen reviewed conference papers. '

¢ Three completed and one to be completed (in Winter 2005) Ph.D. theses by Dr. G
Odegard, Dr. B. Benedikt, Dr. M. Gentz and Mr. P. Rupnowski.

As part of this program major technical interactions took place with Dr. J. K. Sutter and
~Dr. E. Shin from NASA Glenn Research Center. A significant pertion of the funding for

this work was provided by NASA in addition to supplying of numerous composite
systems, conducting several quality control tests on the composites investigated in this
pro;ect and by openly sharing their extenswe experience in the areas of compos1te

manufacturing and testing. This project also prov1ded important research support for

 'NASA Glenn (see attached letter from Dr. J. K. Sutter) involved in a three year

collaboration with Boeing to design, fabricate and test a lightweight high temperature
polymer matrix composite (HTPMC) combustor support chamber for a rocket based
combined cycle engine. The support structure was prepared from a high temperature
composite material, based on M40J fiber and a PMR-II-50 polyimide resin. The chamber
successfully survived hot-fire testing in March 2004.




Major Research Accomplishments

1. Introduction

Woven graphjte/polyimide composites (Fig. 1) are advanced materials that are widely
used in aerospace applications, which require high temperature capabilities up to
approximately 4OO5C [1-40]. However, one of the limitations of such composites is their
low strength under biaxial shear dominated loading conditions at room and elevated
temperatures [2,3-5,9,11,14,16,17,20—24,28,30,34,38-40]. Under. these loading
conditions, intralaminar and interlaminar cracks develop in the composites at relatively
low applied loads (Fig. 2). The shear strength of the composites is approximately ten -
times lower than their tensile strength and approximately five times lower than their
compressive strength. In addition, the shear strength and shear stiffness of the composites

are significantly reduced at elevated temperatures.

- Figure 1. Woven fabric architectures; plain weave (left) and 8HS weave (right).

During manufacturing of graphite/polyimides, large residual thermal stresses are
generated in the corhposites [6-8,11-20,22-24,26-29,34,38,40]. A greater discrepancy
between the thermal expansion coefficients of the fibers and that of the resin, and a larger
temperature difference between the manufacturing and in-service temperatures leads to'
the generation of higher residual thermal stresses. The non-zero state of stress at room
temperature can significantly affect the shear strength of the composite materials,
especially at low temperatures. In sorﬁe graphite/polyimide woven systems the.

magnitudes of residual stresses from manufacturing can be so high that severe |

intralaminar tow micro-cracking can develop in the absence of external loads (Fig. 3) [20,




22,24]. The presence of such cracks could significantly affect the overall strength of the

composites in service.

Figure 2. Stages of damage devélopment in 8HS T650/PMR-15 subjected to
biaxial shear dominated loads [3,9].

Figure 3. Micro-cracking after manufacturing in a graphite/polyimide composite
[20,22,24].




2. Failure Analyses of T650-35/PMR-15,” M40J/PMR-II-50 and M6G/PMR-II-50

Composites
2.1. Non-linear macroscopic modeling of woven Iosipescu and £45° specimens

The graphite fiber/polyimide woven composites were investigated in this research using

* mainly the Josipescu shear and £45° tensile tests. To understand the effects of specimen

geometries, loading conditions, composite architectures, temperaturé, ‘manufacturing,

etc., both tests have been numerically evaluated using finite element techniques on the

macro-, meso- and micro-levels under elastic, visco-elastic and visco elasto-plastic
conditions [2,4,5,9-1'1,14-17,20,22-26-28_,34,37,3 8,40].
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Figure 4. Finite element representations of the +45° tensile (left)
' and Josipescu (above) specimens [2,4,5,9,22].
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Figure 5. Room temperature shear stress/shear strain diagrams from the +45° tensile (left)
and Iosipescu shear (right) tests performed on the 8HS T650/PMR-15 composite
' [2,4,5,9,22].




An elastic-plastic, time-independent, macroscopic, homogenous model of an 8HS woven
graphite/PMR-15 composite material has been developed by Odegard et al. [2] that
predicts the non-linear response of the material subjected to shear-dominated biaxial
loads. The model has been used to determine the response of the woven composite
Josipescu shear and +45° tensile test specimens at room temperature in non-linear finite
element analyses (Fig. 4) [2,4,5,9,22]. The finite element computations of the +45° and
Tosipescu tests were fully non-linear with the material, geometrical, and boundary contact
non-linearities considered [2,4,5,9,22]. It has been shown that the numerically calculated
stress-strain diagrams of the +£45° tensile specimens are very close to the experimentally

obtained curves for small strains without inter- and intralaminar damage (Fig. 5).

0 ) 100 ] —6—losipescu sigmat11

Stress [MPa]

—a— losipescu sigmaz2
80 - —+—losl sigmat2 _—
-+ O 45 deg off-axis sigmat1 @@
=0 60 1 - 45deg off-eMssigma22 |- P
++-4-- 45 deg off-axis sigma12 e &
“ e o
=~ slgma x e
100 — » e
-=-slgmay 7 —
-+ sigma xy (intemal stress) H o
—sigma xy {joad/area) g
150 £ .
-40
-
-200 = ‘ -

-250

0 1 2 3 4 5 6 +100

S 0.005 0.01 0.015 0.02 0.025
Distance Along Notch Root Axis From Notch Root [mm} 0 o

g12

Figure 6. Stfess distributions in the gage sections of the 8HS T650/PMR-15 Iosipescu
-shear (left) and +45° tensile (right) specimens [2,4,5,9,22].

It Was also indicated that the non-linear effects had to be considered in the modeling of |
the composite under in-plane shear dommated biaxial loads.” Large differences were
found in the mechanical response of the compos1te to shear when modeled under linear .-
and non-linear conditions (Fig. 6). It was also shown [2,4,5,9,22] that the stress
distributions in the Iosipescu and +45° woven specimens were entirely different. In the
gage sections of the woven Iosipescu specimens, the stress fields are essentially pure
shear (Fig. 6, left) whereas the £45° test generated biaxial tension/tension and shear stress.
fields (Fig. 6, right) [2,4,5,9,22]. '




2.2 Shear testing of 8HS T650-35/PMR-15, 4HS M40J/PMR-II-50 and 4HS M60J/PMR-

II-50 composites

Failure analyses of woven graphite/polyimide composites based on T-650-35, M40J and
M60J graphite fibers with either PMR-15 or PMR-II-50 polyimide resins have been
performed [2-5,9,11,14,16,17,20-25,27,28,30,34,38-40]. The composites were tested at
room and elevated Atemperatures using the losipescu shear and +45° tensile tests. The
T650/PMR-15 composite was tested as supplied, whereas the high stiffness composites
based on either M40J or M60J graphite fibers with PMR-II-50 resin were tested as
supplied and after thermal cbnditioning with and without moisture added. To explain the
effect of temperature, residual thermal stresses and biaxial loads on the failure process of
the composites, the visco-elastic computations of micro- and meso-stress distributions in

the composites have been'performed [13-20,22,23,25,27-29,31-3 5,3 8-40].
2.2.1 Woven 8HS T650-35/PMR-15 composite

It has been shown in this project that the mechanical behavior of the 8HS graphite/PMR-
15 composite at room and elevated temperatures is very strongly dependent on the type of
specimen used [2-4,9,11,14,16,17,20,22,28,34,40]. The +45° test grossly underestimates
the shear strength of the composite in comparison with the losipescu test at room and
elevated temperatures (Fig. 7, Table 1). The critical shear stresses for the initiation of
intralaminar damage determined from the +45° tensile tests are also significantly lower
- than those determined from the Iosipescu tests (Table 1). It appears fhat the weakest

failure mode for the 8HS woven composite tested at room and elevated temperatures is

.the combined ih—plane shear and biaxial tension state of stress.
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Figure 7. Shear stress vs. displacement and acoustic emission vs. displacement diagrams
from the +45° tensile and Josipescu tests at room temperature [9].

It has also been clearly demonstrated in this project that the +45° tensile tests are strongly

affected by the specimen width [3-5,11,14,28]. This effect can be clearly seen in terms of

the maximum loads (Fig. 8a) and the loads at the initiation of intralaminar damage (Fig.

8b) measured at room and elevated temperatures using advanced acoustic emission

techniques.

Table 1. Shear stresses at the onset of intralaminar damage (determined by AE) and at the
maximum loads from the +45° tensile and Josipescu tests at room and 315°C temperatures
[3-5,9,11,14,28]. ‘

‘Shear Stresses at the Onset of
Intralaminar Damage [MPa]

Shear Stresses at Maximum Loads [MPa]

+45°

Test +45° Tosipescu Tosipescu
“atRT 56.6+2.0 948+1.3 82.0+0.15 105.8 £2.6
at 315°C 37.3+£5.2 59.9+1.2 50.8+6.0 71.8+4.2

10
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Fig. 8a Shear stresses at the maximum loads
as a function of specimen width from the
+45° tensile tests performed at room and

315°C temperatures [3-5,11,14,28].
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2.2.2 4HS M40J/PMR-II-50 and M60J/PMR-II-50 composites

A very noticeable effect of residual thermal stresses was found on thé initiation of
intralaminar damage in fhe T650-35, M40J and M60J fiber composites, as determined by
acoustic emission [16,17,20,22,24,28]. The large magnitudes of residual stresses in the
MG60J fiber composite resulted in the formation of the cracks under’vefy low shear
stresses at room temperature. At this temperature, the critical shear stressés for the

initiation of tow cracking are much higher in the M40J/PMR-II-50 and the T-650/PMR-
15 composites (see Table 2). '

Table 2. Shear stresses at the onset of AE and at the maximum loads from the Iosipeséu
tests at room and 315°C temperatures performed on the as-supplied T-650/PMR-15,
M40J/PMR-II-50 and M60J/PMR-II-50 composites (dry without thermal cycling) [24].

At Room Temperature At 315°C
Shear Stresses | o} o Stresses | SPOaT SUESSES | op o Stresses
. at the . at the .
Composite . at Maximum P at Maximum
Significant Significant
System Loads - Loads
Onset of AE [MPa] Onset of AE [MPa]
: [MPa] [MPa] T
T““?f MR-1 o48%13 105.8+2.6 59.9+1.2 71.8 +4.2
M40J/PMR- 56.5 (one test) ‘
I1-50 30.3+3.1 : S6.7i—2.7 (**54.9 +4.3) 61.2+4.1
11}/{2%1@ MR- 9.9+2.5 638404 | (***40.0%58)| 502+08

Number of * are the number of tests with onset of AE after the maximum load.

11
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Figure 9. Shear strength of the as supplied T-650, M40J and M607J fiber compdsites at
- room temperature and 315°C as a function of the fiber strain at fa11ure '
[16, 17 20,22,24,28].

The foom énd high temperature (at 315°C) ultimate shear strengths of the as supplied T--

650/PMR-15, M40J/PMR-II-50 and M60J/PMR-II-50 compyosite systems tested using the
Ios1pescu shear test increase lmearly with .the 1ncreased strain at failure of the T- 650
M40J and M60J fibers (Fig. 9) [16,17,20,22,24,28]. No noticeable effect of the thermal
conditioning and moisture on the shear strengths of the M40J and M60J fiber composites

was observed.

The critical shear stresses for the initiation of new tow cracking in the M40J and M60J
fiber Iosipescu specimens increased substantially after pre-conditionjng [24,28]. This
indicates that thermo-cycling (by the formation of additional tow cracks) and moisture
can significantly relax the residual thermal stresses in the composites at room
temﬁerature. At 315°C the effect of the residual stresses on the initiation of damage in the

as-supplied and pre-conditioned composites appears to be insignificant.

12



2.2.3 Effect of aging in nitrogen on the strength and stiffness of 8HS T650-35/PMR-15

In this part of the project the effect of aging in a nitrogen atmosphere at 315°C for times
up to 1535 hours on the strength and stiffness of the 8IS T650/PMR-15 composite was
studied [28]. Acoustic emission (AE) at the onset of damage was used as the criteria to
determine if there are significant effects on the residual stress state of the composite as a
function of aging time. The +45° off axis tensile tests were performed at room
temperature on the aged composite at a displacement rate of Imm/min. until failure. The
results of this experiment included mass loss, ultimate shear strength, stress at the
initiation of damage as determined by AE, and the shear modulus, all as a function of
aging time at 3 15°C in'a nitrogen atmosphere. The shear modulus as a function of aging
ﬁme is shown in Figure 10a whereas in Figure 10b the ultimate strength and the onset of |

AE from the +45° tests are presented.
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Figure 10a Shear modulus as a function of aging in nitrogen at 315°C [28].
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Figure 10b Ultimate strength and the onset of acoustic emission of the 8HS
T650/PMR-15 composite following aging in nitrogen at 315°C [28].

It has been found that the only measurable effect of aging 8HS T650/PMR-15 in N; for
up to 1535 hours at 315°Cvis a slight mass loss [28]. Because of the large variation in the
measurement of the modulﬁs (Fig. 10a) the only discernable difference in the modulus is
between 0 and 288 hrs. of aging time with the modulus increasing approximately 12%.
Comparing the modulus between 288 and 1535 hrs. the modulus is unchanged within the |
variability in the measurements. Aging the 8HS'T650/P1\/[R-15 composite in nitrogen at
316°C has very little effect on the ultimate shear strength (+45°), and the onset of

intralaminar damage.
2.2.4 Other woven composite architectures investigated in this project

The support structure used by NASA is heated from the inside at a rate of approximately
95°C/sec. Therefore, absorbed ambient moisture absorbed in the 8HS M40/PMR—SO

composite when vaporized during rapid heating may blister or delaminate the material.
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To address this problem, five new M40J/PMR-II-50 composites Wefe developed by
NASA Glenn including two composites with out of plane stitching using fiberglass yarn
[21,30]. The out of plane stitched matcrial was developed specifically to address the
rapid heating blistering performance of the composite even at the possible expense of
decreasing the in-plane mechanical properties. The in-plane shear properties of the
MA40J/PMR-II-50 composites with various fiber geometries were evaluated [28] and
compared with the baseline 4HS M40J/PMR-II-50 woven fabric composite tested
previously, as well as with each other. These tests were performed at room temperature,
at 315°C,k and -at 315°C after conditioning the specimens in a 50°C 80% R.H.
environment for 916 hrs. Moisture absorption to saturation of the composites was also

evaluated in the 50°C 80% R.H. environment.

The following composite architectures (Fig. 11) were used:
8] 4HS Woven Fabric, Twelve ply 4HS fabric in a cross ply configuration, [O},
90z, 904, Of, Og, 90¢ ]y5, density 1.614 £ 0.011 g/cm3, void content 1.1 + 0.7%,

T, 383°C (G’ onset), FVF 58 + 1%, average thickness 2.44mm,
- (I) Uni-Tape Cross Ply, Twenty four ply unidirectional tapé in a cross piy
configuration, [0, 90]es, density 1.583 + 0.014 g/em’, void content 3.0 + 1.0%,
- Ty 370°C (G’ onset), FVF 56 £ 1%, average thickness 2.58mm,
‘(III)‘ - Uni-Woven Hybrid, Eight plys of 4HS fabric and eight plys of unidiréctional
tape, [Og, 90, 0, 904, O, 0, 90, 90¢];5, density 1.605 £ 0.007 g/cm3, void content
1.7 + 0.4%, T, 380°C (G’ onset), FVF 58 + 2%, average thickness 2.55mm,

(IV)  Triaxial Braid, Equivalent to twelve ply fabric, density 1.562 + 0.032 g/em®,
-void content 3.6 * 1.5%, T, 366°C (G onéet), FVF 53 + 4%, average
thickness 2.62mm, ' o

(V)  Stitched Uni-Tape, Twenty four ply unidirectional tape in a cross ply
configuration, [0, 90]¢s Stitched with S2 glass (150 1/0), 4.23 mm spacing,- '
density 1.570 + 0.009 g/em®, void content 3.9 £ 0.6%, Ty 383°C (G’ onset),
FVF 57 £ 2%, average thickness 2.78mm and |
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(VD) Stitched 4HS Woven Fabric, Twelve ply 4HS fabric in a cross ply
configuration, [0g 90g, 90y, Of, Of, 90t )15, Stitched with S2 glass (150 1/0), 4.23
mm spacing, density 1.515 % 0.050 g/em®, void content 7.1 :l: 2.2%, Ty 384°C
(G’ onset), FVF 54 + 4%, average thickness 2.72mm.

The matrix material used was PMR-II-50 for all the fiber architectures except for the
stitched unidirectional tape. The stitched unidirectional tépe used HFPE-H-52 with
properties similar to PMR-II-50. The composites were tested using the Iosipescu test as

supplied and preconditioned in a 50°C 80% R.H. environment for 916 hrs.

Uni Woven Hybrid Triaxial Braid

Stitched Four Harness Woven Stitched Urniidirectional Taps

Figure 11. Surfaces of the composites [28].

16




100

[{e]
o

[o2]
o

Ultimate Shear Strength (MPa)

M Dry Room Temp.
O Dry High Temp.

70 1

60 1

50 4

40 -

30 4

20 1

10

IWet High Temp.

4HS Woven

Uni Tape Cross  Uni Woven Hybrid Stitched Uni Tape  Stitched 4HS

Ply

Woven

Figure 12. Compariéon of the ultimate shear strength of the co’mpobsites [28].

As an example, in Figure 12 the ultimate shear strength of the composites is compared to

the onset of AE, dry at room temperature, dry at 315°C, and wet conditibned at 316°C,

respectively. The complete description of the mechanical tests, SEM observations and the

final results from this part of research can be found in [28].

3. Failure Predictions; Modeling of Micro- and Meso-Stresses

3.1 Micro- and meso stresses in unidirectional and 8HS T650-35/PMR-15 compbsites

In the macro-stress analysis of the Iosipescu shear and +45° tensile specimens [2,9], the

effect of composite manufacturing on the internal stress distributions was not considered.

This was done however by performing the visco-elastic computations of both residual

and applied stresses in the unidirectional and woven 8HS T650/PMR-15 composite on
the meso- and micro-scales (Fig. 12) [13-20,22,23,25,27-29,31-35,38-40]. The composite

'manufacturing conditions, visco-elastic properties of the polyimide resin, orthotropic

properties of the graphite fibers and composite architecture (weave type, fiber
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distribution, etc.) were considered in the stress computations performed for a variety of
in-plane biaxial loading conditions ranging from pure tension, biaxial tension along the
warp and fill tows, biaxial tension and shear, and pure shear. The graphite fibers were
assumed to be transversely isotropic with their longitudinal and transverse stiffness
properties and coefficients of thermal expansions different. The polyimide matrix was
modeled as a visco-elastic material with its stiffness properties changing with

‘temperature and time (and with aging).

=
NSRRGSR

Figure 13. Finite element representations of the 8HS graphite/polyimide composite for
the visco-elastic meso-stress (left) and micro-stress (right) analyses [13-20,22,23,25-
: ‘ 29,31-35,38-40].
At first, the visco-elastic stress distributions and elastic préperties in unidirectional
graphite/polyimide composites as a function of the volume fraction of fibers have been
determined [18,19]. The stress distributions were obtained by empléying two different
methods, namely the finite element 'methbd assuming either hexagonal or square fiber
arrangements, and the Eshelby method modified by Mori and Tanaka to account for the
pfesence of multiple fibers. It was shown that the Eshelby/Tanaka—Mori approach could
“be applied for the calculation of the stresses inside and outside the fibers provided the

volume fraction of fibers does not substantially exceed either 35% (for the square fiber
distributions) or 50% (for the hexagonal distribution) (Fig. 14a). The elastic constants of
the unidirectional composite turned out to be less dependent on the orientation and the
fibers’ distribution. (Fig.14b). Therefore, the Eshelby/Mori — Tanaka approach was uséd
to determine the stiffness properties of the densely packed tows in the graphite/polyimide
composites [13-17,20,22,25-27-29,31-34,38-40]. | |
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* The visco-elastic computations of the internal stresses on the meso- and micro-scales in
the 8HS graphite (T650)/PMR-15 composite have shown that _the local stress
~ concentrations in the composite are very strongly dependent on the loading conditions’
(Table 3) [15,40]. Under biaxial loads cbnsistirig‘of biaxial tension applied in the
direction of the warp and fill tows in addition to in-plane shear, there exist the largest
principal stresses in the polyimide matrix at the fiber matrix interface. The meso-stress
analysis has also shown that this type of biaxial loading'créates the most favorable
combination of meso- transverse and shear stresses for the initiation of transverse tow
cracks in the composite. It has also been shown that for an accurate evaluation of stress
distributions in the woven graphite/polyimide coinposites on both the meso- and micro-
levels, the residual thermal stresses from composite manﬁfa‘ctufing must be considered
_[1‘4,15,40]. However, the proper simulation of internal stresses in the high temperature
graphite polyimide composites subjected to any external loads in the presence of the
residual stresses can only be accomplished if the visco-elastic properties of the polyimide

resin are used.
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& .20 | = —M—FEM (Square)
g % & 12000
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a b=
] 10000 :
% -60 \ e — 300 g e = 00, 300 HCX.)
= s |
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- " .
a2 : Rad,lal Stre’ss, Hex'agonal.Geome;ry ‘9 - 4'50 4000 ' ' ' , ' . ‘ ' .
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Volume Fraction of Inclusions [%] : Volume Fraction of Fibers

Figure 14. Finite element and analytical (visco-elastic Eshelby for multiple inclusions)
results of the radial stresses in the matrix at the fiber/matrix interfaces (a, left), and the
transverse stiffness (b, right) as a function of volume fractions in unidirectional
T650/PMR-15 composites. The data in Figures 14a,b were determined for © = 0° and 6 ="
45° (square fiber distribution) and 6 = 0° and 6 = °30° (hexagonal fiber distribution
[18,19]. ‘
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Table 3. Meso- and micro-stresses in the center of the tow in the uridulation region of
8HS T650/PMR-15 for various external in-plane loads at room temperature [15,40].

: Micro-
Meso-stresses [MPa] stresses
' [MPa]
Oxx Cz7 oyy Ooxz Max.
L (transverse |(longitudinal| (transverse | (in-plane | principal
oad case . . .
, in-plane) in-plane) | out of plane) shear) stresses in
the matrix
Case 1 (AT only) 64 -119 18 -1 94
Case 2 (AT+TX) 79 -129 16 -1 107
Case 3 (AT+TZ) 68 145 20 -1 102
Case 4 (AT+S) 66 98 19 108 208
Case 5 111
(AT+TX+TZ) 83 136 17 0 |
Case 6 ' 222
(AT+TX+S) 81 -107 17 109
Case 7 _ 216
(AT4TZAS) 70 167 20 109 B
Case 8 ' 230
(AT+TXHTZHS) | O 18 18 o+

(AT residual stresses only, TX(Y) apphed in-plane tension along the tows, TZ transverse
tension and S in-plane shear).

The stress data obtained from the micro- and meso-stress analyses agreed very well with-

v

the experimental strength results obtained by perfornﬁng Iosipescu shear and +45° tensile

tests on the 8HS T650/PMR-15 composite at room and elevated temperatures [2;4,9,14].

Under almost pure in-plane shear (Iosipescu test), the shear stresses for the initiation of

intralaminar damage and at the maximum loads were significantly higher than those from

~ the case of biaxial tension and shear (+45° tensile test). This effect can be clearly seen in

Table 1.
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3.2 Failure prediction in 8HS T650-35/PMR-15 subjected to in-plane shear dominated

loads at room and elevated temperatures,

- Visco-elastic and elasto—plastic computations of micro- and nleso§stresses in the SHS
T650-35 composite have been performed considering two external loading boundary
conditions simulating either in-plane pure shear or in-plane biaxial tension in addition to
shear [34,40]. An attempt was made to compare the critical loading conditions for the
initiation of intralaminar damage in the composite subjected to the above two load cases
at room temperature énd at 315°C and to explaih the damage initiation in the composite

subj ected to the Iosipescu and +45° tensile tests.

Table 4. Maximum principal micro stresses at the initiation of damage in 8HS woven
T650/PMR 15 composite [34,40].

Micro Stress in the Resin [MPa]
Test +45° * | Iosipescu
atRT | 155+9 200£2
at 315°C 507 70 £2
80 -
e w T FEM
50 -
= = «315°C, FEM
. RT
S 404 | — experiment A .
% _ pel Le=* " 315°C, 6 =7 % /min
2
¢ 30 4
7
&
2 204
[
10 4 315°C, £ = 0.4 %/min
0 ' '

0.0% 0.5% 1.0% 1.5% ' 2.0%
shear straln :

Figure 15. Macro response of unit-cell (predicted) and 8HS T650-35/PMR-15 composite
(experimental) to biaxial load at room and elevated temperatures considering strain rate
effect at 315°C [34,40].
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The macro-response of the composite to the in-plane shear and biaxial loads (Fig. 15)
was predicted at both temperatures and then validated by comparing it with the available
experimental data [34,40]. The micro-stress calculations have shown (Table 4) that on
the micro-scale, noticeably higher maximum principal stresses in the polyimide matrix in
the vicinity of the graphite fibers were determined for the biaxial load case thé.n in shear, :
both at room and high temperatures. It was shown that by using the numerical stress
predictions; the experimentally observed differences can be explained in the initiation of
tow micro-cracking in the Woven composite subjected to the Iosipescu and +45° tests at

room and elevated temperatures.

3.3 Prediction of mechanical response of a unidirectional T650-35/PMR-15 composite as

a function of temperature,

In this part if the project the mechanical response of a unidirectional T650-35/PMR-15
composite was analytically and numerically predicted as a function of temperature and
subsequently compared [35,40] with the available experimental data ﬁom [1]. The
Eshelby/l\lfori.—Tanaka (E/M-T) method was used to predict the elastic properties of the
composite whereas a finite element unit cell was employed to predict the stress vs. strain
curves of the composite under elasto-plastic conditions. Tt was shown that for the
température range from 25 to 315°C the predicted elastic properties of the composite
agreed well with the experiment in the case of longitudinal and transverse (Fig. 16)
Young’s mbduli. However, a significant discrepancy was noticed in the case of the
longitudinal shear modulus. The comparisons for the transverse shear modulus and the
longitudinal Poisson ratio were uncertain. The numerically predicted stress-strain curves
of the composite agreed reasonably well with fhe experiment (Fig. 17) with the
agreements between the model and the experiment depending on temperature and the
type of loading [35,40]. | |
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Figurel6. Predicted and experimental transverse Young’s modulus of unidirectional
T650-35/PMR-15 as a function of temperature [35,40]. ‘
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Figure 17. Predicted and experimental transverse stress vs. strain curves for
unidirectional T650-35/PMR-15 at room temperature at 315°C for three different strain
rates [35,40]. The data are shown for small transverse strains. s
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3.4 Predlctlons of residual stresses in unidirectionial T650-35/PMR-15as a functlon of
"aging in nitrogen.

The magnitude and distribution of residual aging stresses in a unidirectional T650-
35/PMR-15 »¢omposite were also investigated [27,28]. First, a viscoelastic aging material
model was developed by characterizing the isothermal aging strain and stress relaxation
- of neat PMR-15 polyimide. Then, the aging material model was applied to numerically
~evaluate the effect of matrix aging and cooling on the residual stress state of the
unidirectional composite. It has been shown in this work that residual stresses in the
composite are significantly affected by high temperature aging (Fig. 18). The magnitude
of the residual stress in the composite caused by aging for one month at 315 °C was
found to be comparable to the residual stress developed during cooling from 315°C to

25 °C. o
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Figure 18. Comparisons of von Mises micro-stresses generated during aging at 285, 300
and 315°C (a, left) and of the first principle maximum stresses between the 70% V; .
hexagonal and square models for aging at 315 °C with cooling (b, right) [27,28].

It was also shown in this work that reducing the isothermal aging temperature
significantly affects aging strains and stresses [27,28]. Changing the isothermal aging
temperature from 315 °C to 300 °C lowers the aging stress by as much as one third and
from 315 °C to 288 °C by half. It was also found that aging maximum stresses between
the square fiber array and the hexagonal fiber array were comparable. However, the
stress distributions between architectures vary significantly. Although the maximum
stresses are not significantly affected by fiber architecture, the volume fraction of fibers

has a considerable effect on the aging and cooling stress.
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3.5 Prediction of residual stresses aﬁd strength of 8HS T650-35/PMR-15 as a function of

aging in nitrogen

- The residual stresses in a woven 8HS T650-35/PMR-15 subjected to aging at 315°C in
nitrogen have been determined using the finite element model of a woven unit-cell
[38,40]. The aging stresses in the composite were predicted on a meso- scale for the
aging times up to 1000 hours. In the simulations, the visco-elastic, age hardening and
volumetric shrinkage effects were taken into account to describe the mechanical behavior
of the polyimide resin at 315°C. The results from the stress calculations clearly showed
that the internal stresses in the composite increased due to aging (Fig. 19). It was found,
however, that the increase in the sfresscs was significantly reduced by stress relaxation.
" The model also showed that after 1000 hours the aging stresses in the c.ompbsite were
smaller than the thermal residual stresses caused just by cooling (Fig. 19). To verify the '
mnumerical model, the strength and stiffness of the composite was measured as a funcnon
of aging time [28]. It was observed that the numerical predictions agreed very well with
the expenmen_tal results, which demonstrated no noticeable influence of aging on the

strength and stiffness of the composite [38,40].
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Figure 19. Transverse meso stresses in 8HS T650-35/PMR-15 as a function of aging in
nitrogen at 315°C [38,40]. '
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4. An Evaluation of Elastic Properties and Coefficients of Thermal Expansion of
Graphite T650-35, M40J and M60J Fibers from Macroscopic Coiiposite Input Data

A methodology has also been developed [25_,31,32,33,40] for the evaluation of stiffness
properties and temperature dependant coefficients of thermal expansion of continuous
fibers from the macroscopic properties of either unidirectional or woven composites. It
-was used to measure the elastic properties and coefficients of thermal expansion of T65 0-
35, M40J and M60.T graphite fibers. The T650-35 fibers were embedded in a PMR-15
matrix, whereas the M40J and M60J fibers were embedded in a PMR-II-50 polyimide.

4.1 T650-35 fibers

‘At first, the ‘new method was used to estimate the stiffness (Fig. 20) and thermal
properties (Fig. 21) of T650-35 graphite fibers from the macroscopic input data of
unidirectional and woven composites based on the same fibers embedded in a PMR-15
polyimide matrix [25,32,40]. The analysis was performed as a function of temperature
and the. fiber properties were determined from the composite properties in the
temperature range from 20°C to 315°C. The macro-composite stiffness properties were |
measured by mechanical testing whereas the thermal properties of the composites were
determined using a dilatometer. It was then followed by extraction of the fiber properﬁes
using the Eshelby/Mori-Tanaka model for unidirectional and finite element representative

unit cells for woven systems under visco-elastic conditions.

It was shown that the temperature dependant coefficients of thermal expansion of the
fibers could be estimated from the composite macro-data with significantly smaller errors
than in the case of the elastic properties [25,32,40]. It was also shown that the errors in
the evaluation of the elastic properties of the fibers from the macro unidirectional
composite data could be significantly reduced if the fibers were ‘placed in a stiff matrix
material, much stiffer than the polyimide resin. The longitudinal and transverse
coefficients of thermal expansions and the shear modulus of the T650-35 fibers

determined from the unidirectional composite analysis were successfully verified in the
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woven composite using the concept of a representative unit cell. This approach however

could not be used to verify the transverse Young’s modulus of the fibers.
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Figure 20. Probability distribution (thick lines) and cumulative distribution functions
(thin lines) of calculated elastic properties of T650-35 fibers at five different
temperatures; (a) longitudinal Young’s modulus Eq; (left), transverse Young’s modulus .

Ef2 (middle), and longitudinal shear modulus Gg; (right) [25,32,40].
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Figure 21. Longitudinal (a, left) and transverse (b, right) coefficients of thermal
expansion of T650-35 graphite fibers from unidirectional composite macro-data
‘ [25,32,40]. :

4.2 T650-35, M40 and M60] fiber properties

In the second part of this research the three-component oscillator resonance niethod was
employed to determine the room temperature elastic properties of the unidirectional and
woven composites based on the T650-35, M4_OJ and M60J fibers, and their neat resins
[31,33,40]. Subsequently, the fiber properties were calculated (recalculated for the T650-

35 fibers) from the unidirectional composite macro-data using the Eshelby/Mori-Tanaka
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approaéh. For the woven composites, a finite element approach based on the concept of a

representative volume element was employed to determine the elastic and thermal

properties of the fibers..

specimen

gauge
crystal

drive
crystal

Figure 22. Schematic of three-component extensional oscillator [31,33,40].

Table 5. Elastic properties and thermal expansion coefficients of T650-35, M40J and
MG60]J graphite fibers from different models [31,33,40].

Eﬂ_, . Efr Gﬂ_, Gfr Vg, o1, . Ogr Models
[GPa] | [GPa] | [GPa | [GPa] [10°%°C] | [10°/°C] | System
Fiber : ] )
225 | 154 | 211 | 58 | 044 -1.16 13.5 | Uni. | Eshelby/
(#3) | #0.7) | 11| (£0.4) | (£0.02) | (£0.05) | (x1.1) | Mori-
) ‘ Tanaka
T650-35 | 224 15.4 - - . 1.9 129 FE 8HS
@3) | (0.7 (20.5) (1.5) 8HS (slice)
224 15.4 - - - -1.9 13.1 FE 8HS
3) | (0.7 (0.7) 2.1) (3D)
316 134 [ 208 | 3.9 0.22 -2.05 6.9 | Uni. | Eshelby/
@) | @3 | (2 | @0.1) | (20.05) | (20.12) | (#6.3) Mori-
M40J ' Tanaka
344 10.8 - . - -1.8 | 8.8 4HS | FE4HS
(2) | (£0.3) 0.2) | (L7 (slice)
Meor® | 500 9.4 - - . -2.0 18 4HS | FEA4HS
2) | (20.5) (£0.2) (+4) (slice)

1t was assumed that for the M60J fiber Gm— 20.8 £10 GPa, Gs1=3.9 £0.5 GPa and vg
=0.22 +O 25.
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In the case of the T650-35 fibers, both the longitudinal and transverse elastic and thermal
properties of the fibers determined from the unidirectional and woven composites agreed
very well with each other [31,33,40]. However, for the M40J fibers, noticeable
differences were observed between the fiber properties determined from the
unidirectional and woven system, which was attributed to the lack of transverse isotropy
of the unidirectional system. Since the properties of the M60J fibers were evaluated only
‘from the woven system, no direct comparison could be made between the properties
obtained from the unidirectional and woven composite architectures. Overall, the
methodology was shown to be highly applicable for the accurate determination of fiber

properties from both unidirectional and woven systems [25,31,32,33,40].

5. Comparisons Between Unidirectional T650-35/PMR-15, M40J/PMR-II-50 and
M60J/PMR-II-50 Aged in Nitrogen | '

The methodology developed in section 3.4, to predict the residual stfesé in the
unidirectional T650/PMR-15 composite as a function of aging in nitrogen or aging with
cooling [28], was subsequently used to predict the residual stress in the M40J/Ph4R—ﬁ-50
and M60J/PMR-II-50 composites as a function of aging with cooling. The material
model for the PMR-II-50 matrix was also compared with the model used for the PMR-15
matrix [23,27,28,]. Shear relaxation mastercurves for PMR-II-50 ét 371°C and for PMR-

15 at 315°C are shown in Figure 23 for comparison.
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Flgure 23. Comparison of shear relaxation mastercurves for the neat polymers PMR- ]I—SO
at 371°C and PMR-15 at 315°C [28].

Figﬁre 24 compares the predicted maximum first principle stresses in unidirectional

M40J/PMR-II-50 and M60J/PMR-II-50 composites as a function of aging time at 315°C

followed by cooling to 25°C. The analysis for the T650-35/PMR-15 composite aged at

316°C followed by cooling to 25°C is also included in Figure 24 [28]. |

(o]
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—i— T650/ PMR-15
-—)(—M40/PMR—I| 50
—— M60/PMR-11-50
50 . 1 7 1
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Time (Days)
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Figure 24. Comparison of the predicted maximum first principle stress as a function of
aging time at 316°C for T650-35, M40J and M60J fiber woven composites [28].
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Comparing the PMR-II-50 based composites to the PMR-15 based composite it can be’
seen from Figure 24 that the PMR-II-50 composites are unaffected by aging in N at
316°C, in fact the stress from cooling from 371°C to 316°C is relaxed [28]. Contrary to
the stress relaxing in the PMR-I-50 composites, the stress in the T650/PMR-15
composite increases with aging in nitrogen. Also the residual stresses formed during
‘cooling from the postcuring temperatures for the PMR-II-50 éomposites and the PMR-15
composites is considerably different, approximately 28 MPa, this effect is from the 55 °C
difference in the processing temperatures between the PMR-I-50 and PMR-15
composites. In summary, the residual stfess from cooling in the PMR-II-50 composites
was approximately 30% higher than in the PMR-15 composite. Unexpectedly, the
residual stress in the stiffer M60J fiber composite was slightly lower than that in the
M40J lower modulus composite. It was also found that the PMR-II-50 is a better high

* temperature polymer, based on an activation energy/relaxation criteria [28].

6. Experimental Determination of Residual Stresses in Unidirectional and Woven

Graphite Fiber/Polyimide Matrix Composite

A new methodology has been proposed [6-8,12,13,18,19,20,26,29,36] for the evaluation
of interlaminar residual thermal stresses in unidirectional and woven polymer matrix
composites based on XRD measurements of residual stresses in embedded crystalline
inclusions in conjunctioh with the application of the visco-elastic Eshelby method for
multiple inclusions. In the beginning of the project, two types of metailic inclusions were
used, namely spherical aluminum (Ai) and irregular silver (Ag) inclusions. The
inclusions were distributed in the interlaminar regions of the composites between the first
and second plies of the six ply unidirectional and four ply SHS (Fig.25) composites. After

the initial preliminary efforts, most of the XRD research in the suBsequent years was

conducted using the Al inclusions (Fig. 26).




4ym 7000X

Fig. 25 Aluminum inclusions between .Fig. 26 Aluminum inclusion [6].
8HS plies in the graphite/PMR-15
composite [6,19].

6.1 Residual interlaminar stresses as a function of bending

The method was used to determine residual interlaminar stresses in the unidirectional and

8HS T650-35/PMR-15 composites w1thout and with externally applied bendmg loads

(Fig. 27), and as a function of aging in nitrogen and in air.
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Using equations 1a and 1b the residual strains in the embedded particles can be
determined. The defirition of ¢ and y angles with respected to the specimen’s coordinate
system is shown in Figure 28. In equations la,b, d, denotes the lattice spacing of either
aluminum or silver for stress free inclusions and dg, is the lattice spacing for the
embedded inclusions. An example of the g4y Vs. sin?\p plot along with a straight least-
squares line é’pproximating the experiment is shown in Figure 29 whereas the residﬁal

“stresses in the Al inclusions (experimental and numerical) as a function of bending are

presented in Figure 30 [7,19].
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Fig. 29 An example of the sin’y vs. g4y
B ' inclusions as a function of applied strain [7,19].

plot [7,19].
‘The average interlaminar residual thermal stresses in the 8HS 'graphite/PMR-IS
composite from the XRD measurements and the Eshelby model for multiple inclusions as
* . well as from laminated plate theory with linear-elastic and visco-elastic assumptions are
presented in- Table 6 [13,19]. For' comparison, the visco-elastic stresses in the
unidirectional and woven graphite/PMR-lS systems are presented in Table 7 [13,10]. The
data presented4 in Table 7 were obtained from the XRD tests performed with and without

four-point bending.




Table 6. Interlaminar residual thermal stresses in the 8HS graphite/PMR-15 composite
from XRD measurements and the Eshelby model for multiple inclusions as well as from"
laminated plate theory with linear-elastic and visco-elastic assumptions [13,19].

X-Ray with Eshelby Plate theory
11 [MPa] G2 [MPa] G33 [MPa] O11 [MPa] (o)) G33 [MPa]
[MPa]
Linear 70.7+£ 17 71.1£17 | 36.7£ 16 94 94 -0
elastic <
Visco-- | 67.3+17 67.6 £16 33 +16 63.1 63.1 0
elastic

Table 7. Comparison between the interlaminar visco-elastic residual stresses in the
unidirectional and woven (8HS) graphite/PMR-15 composites [13,19].

Excluding bending Including bending .
O11 T 22 G 33 O 11 G 22 G 33 Volume
[MPa] | [MPa] [MPa] [MPa] | [MPa] [MPa] | fraction of
, ~ - Al
inclusions

Unidirectio| 53.5+9 | 39.6 + 25+5 55+6 | 4055 | 26.6x4 40 +7%
nal 8 '

SHS. 6731 | 67.6%+ | 33+16 | 623+ 8 | 61.7+8 | 27.6+7 | 46 +7.4%
woven 7 16 : ‘

It can be seen in Table 7 that the magnitudes of the interlaminar residual stresses ailong'
the fibers (oy1, unidirectional) and along the tows (G11 = oz, 8HS) in both the
graphite/PMRJS systems are high. The scatter in the XRD measurements is
predominately caused by the non-uniform distribution of the particles and the non-
uniform distribution of residual stresses in the composites. It should be strongly
emphasized here that the accuracy of the entire analysis of the residual stresses is very
strongly dependent on the physical properties of the investigated composite system. The
temperature and time dependent physical properties of the composites and inclusions
must be known for the accurate determination of the residual stresses either from .
'laﬁﬂnate theory or from the XRD measurements of residual strains in the inelusions in
conjunction with the Eshelby model. It has also been shown in this researcﬂ there is a

- strong effect of inclusion type on the measured X-ray strains and stresses [6,19]. In
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particular, the irregular silver inclusions significantly overestimated the residual stresses

in the composites.
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Figure 31. The £;; strain components in Al particles as a function of bending strain in two
unidirectional T650/PMR-15composite specimens [19,26].

The effect of large bending loads on strains and stresses inside aluminum particles
embedded in the unidirectional and woven T650/PMR-15 éomposites ‘has also been
examined [19,26]. Under large four point bending loads, above certain critical loads, the
normal stresses and strains in the Al particles no longer respond to an increase in the
bending moments, reaching plateau values with incre,asin’g' load (Fig. 31). This was
attribﬁted to the onset of plastic deformation of the inclusions. The plastic deformation of*
the Al particles in the case of the investigated graphite/PMR-15 composites was found to
be beneficial [19,26]. It reduced the concentration of the normal stresses in the polymer
matrix at the inclusion/matrix interface and thus reduced the possibility of interfacial

.

fracture of the particles.

6.2 Effect of aging in air and in nitrogen

‘The unidirectional and woven graphite fiber T650-35)/PMR—15 composites Wiﬂ’l
embedded aluminum inclusions were also investigated for their aging behavior either in
nitrogen or air at 315°C for up to 1170 hours (Fig. 32) [19,29]. It was shown that the

change of the thermal residual stresses in the composites subjected to aging could be
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detected by measuring the state of stress in the embedded inclusions using XRD (Fig.
33).

Figure 32. Unidirectional T650-35/PMR-15 system aged in nitfogen (a, left) and in air (b,
right) for 1170 hours [19,29]. -

Subsequently, residual strains and stresses in the interlaminar regions of the composites-

were humerically estimated (Fig. 34) using the visco-elastic Eshelby/Mori-Tanaka

method and classical lamination plate theory (CLPT).
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Figure 33. Residual 615 stresses in Al inclusions embed in 8HS T650-35/PMR-15 aged in
nitrogen (a, left) and in air (b, right) for 1170 hours [19,29].

It was shown in this project [19,29] that the residual strains and stresses in the inclusions
as determined by XRD were noticeably affected by the aging conditions (Fig. 33). For

the composite aged in nitrogen, good agreement was found between XRD and numerical
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determinations of residual stresses in the inclusions and in the interlaminar matrix.
However, for the composites aged in air, significant differences were observed between
the experiment and the model. Large amounts of damage to the composites caused by
oxidation and the volumetric shrinkage bf the PMR-15 resin in air, which were not
incorporated into the models, were responsible for the significant differences between the
numérical predictions of the residual stresses and those detéﬁnined from the XRD

experiments.
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Figure 34. The oy interlaminar residual étresses in unidirectional and woven T650-
35/PMR-15 composites aged in air and nitrogen calculated (a, left) from XRD using
Eshelby/Mori-Tanaka method and (b, right) from CLPT [19,29].

6.3 Effects of inclusion volume fractions, their aspect ratios and their interactions on

stress measurements

- Finally, the effect of such factors as the volume fraction of inclusions (Fig. 35a), their
aspect ratios (Fig. 35b) and the interaction between individual embedded inclusions
' (TaBle 8) on the accuracy of the XRD fneasllrements were also evaluated in this sfudy
[19,36]. Despite several clearly identified = disadvantages, the method can be
recommended for the determination of residual stresses in polymer matrix composites
with moderate to large residual stress concentrations, particularly with the use of higher

intensity X-ray sources.
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Figure 35. Residual stresses in 8HS T650-35/PMR-15 as a function of the volume
fraction of embedded inclusions (a, left) and the aspect ratio of embedded Al inclusions

(b, right) [19,36].

Table 8. Interlaminar stresses in 8HS T650-35/PMR-15 calculated as a function of the
number of interacting inclusions and distribution patterns [36].

Number ,
of Random distribution Simple cubic Eshelby/Mori-Tanaka |
inclusions distribution |
o1 22 033 o1 022 033 ou 022 G133
-[MPa] | [MPa] | [MPa] | [MPa] | [MPa] [MPal [MPa] | [MPa] | [MPa]
1 70.7 | 71.1 36.6 | 70.7 | 711 36.6
27 - 70.8 70.8 | 37.3 69.4 | 69.7 | 404 | 70.7 71.1 |- 36.6
125 - 70.6 | 70.9 | 38.1 69.2 | 69.3 41.1

" 6.4 Thermal stress distributions in a composite reinforced with double spherical

inclusions

A new method for the determination of thermal stress distributions around double
inclusions embedded in an unbounded matrix due to a uniform temperature change was
also developed [19] and used to explain the effect of surface oxidation of embedded Al

inclusions on XRD stress measurements. As an example of the application of the
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proposed model, thermal residual stresses in a composite reinforced with coated spherical
inclusions were calculated in all three phases making up the composite. This was
accomplished by combining the proposed analytical model with the Mori-Tanaka method
" to account for the presence of multiple inclusions. The effects of coating thickhess and
stiffness on the thermal residual stresses in the composité were evaluated. To validate the
newly proposed analytical approach, the thermal residual stresses in the compésite were
also modeled by finite elements using the concept of a representative unit cell For a
composite with 40% volume fraction of coated spherical inclusions, good agreements
. were found between the radial and tangential stresses calculated analytically and

numerically (Fig. 36).
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Figure 36a. Analytical and numerical Figure 36b. Radial and tangential
thermal stress distributions around a stress components inside a coated
single coated and a single uncoated inclusion (at the interface) for 40%
.spherical inclusion embedded in an volume fraction of inclusions and a stiff
unbounded matrix caused by AT = 100°C coating [19].
[19].
Conclusions

In this project, a comprehensive combined numerical/experimental testing procedure has
been -developed for the determination of mechanical responsé of woven
graphite/polyimide composites based on medium and high modulus graphife fibers
subjected to either shear or biaxial shear dominated in-plane loads. The ‘method was

~ successfully used to determine the initiation of intralaminar damage and the shear

strength of a woven 8HS T650/PMR-15 composite as a function of temperature and




aging. It was also used to investigate the mechanical response of M40J/PMR-II-50 with
various fiber architectures and 4HS M60J/PMR-II-50 to shear at elevated temperatures.
The experimental parts of this program were supported numerically by performingl,

comprehensive macro-, meso- and micro-stress analyses of the composites under elasto-

visco-plastic conditions. New techniques for measuring fiber properties from the macro- =

properties of their composites were also developed in this project and used to determine
the properties of the fibers intended for the combustion vchamber It has been shown that
the effect of residual thermal stresses on the predlctlon of lntralammar damage initiation
in the h1gh temperature polymer matrix composites must be considered. This effect can
only be examined however, if the visco-elastic response of a polyimide matrix is
considered in the meso- and micro-finite element computations. It has been shown that
the initiation of intralaminar damage in the composites is very strongly dependent on the
in-plane shear dominated loading conditions. It was also demonstrated in this research
that the magnitudes and distributions of residual stresses in unidirectional and woven
graphite ﬁber/polyimide composites aged in either nitrogen or air could be monitored
experimentally by performing XRD measurements of residual strains in embedded "
metallic spherical inclusions. Mo'stv importantly, this research helped the NASA Glenn {
Research Center design, manufacture' and successfully test the first polymer matrix

composite based combustion chamber for the space shuttle applications.
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or Nano Engineering, August 8-14, 2004, Hilton-Head Island, South Carolina,
USA. , :

Rupnowski, P., Gentz, M., Sutter, J. K. and Kumosa, M., An Evaluation of Elastic
Properties and Coefficients of Thermal Expansion of Graphite Fibers from
Macroscopic Composite Input Data, Proceedings of the Royal Society:
Mathematical, Physical and Engineering Sciences, 10.1098/rspa.2004.1358.

Rupnowéki' P, Gentz M., Sutter, J. K. and Kumosa, M An Evaluation of the
Elastic Propertles and Coefﬁments of Thermal Expansmn of Medium and High
Modulus Graphite Fibers, Composites Part A Vol. 36 (2004) pp. 327-338.

Rupnowski, P., Gentz, M., Sutter, J. K., and Kumosa, M., Mechanical Response
of a Woven Graphlte/Polylmlde Composites to in-Plane Shear Dominated Loads
at Room and Elevated Temperatures, Acta Materlaha Vol. 52, No. 19 (2004) pp.
5603-5613. :

o

Rupnowski, P., Gentz, M. and Kumosa M., Mechamcal Response of o
Unidirectional G:raphlte Flber/polylrmde Compos1te as a function of Temperature,

Composites Science and Technology submitted in November 2004

Benedlkt B, Kumosa M. and Predecki, P. K., An Evaluation of Remdual- _
Stresses in Grapthe/PMR 15 Composites by X-ray Diffraction, Acta Materialia,
submitted in December 2004.

Kumosa, M. and Odegard, G. Unidirectional and Woven Composite Ios1pescu
Specimens Subjected to Biaxial Loads, Composites Part B, to be submitted in
January 2005.

Rupnowski, P., Géntz M, Benedikt B, Sutter, J. K. and Kumosa, M., The

- Response of a Woven Graph1te/Poly1m1de Composite to Aging in Nitrogen, Acta

Materialia, to be submitted in January 2005.
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39. Gentz, M., Rupnowski, P., Kumosa M and J. K. Sutter, Residual Stress in
Un1d1rect10na1 Graphite Flber/PMR II-50 Polyimide Composites Aged in Air and
Nitrogen, High Temple 2005, Point Clear, Alabama, February 2005, submitted.

40. Rupnowski, P., Multi-Scale Damage Initiation Analysis in Woven Graphite
Fiber/Polyimide Composites, Department of Engineering, University of Denver,
Denver, Colorado, expected completion; Winter 2005. A

'Abstracts of Ph.D. Dissertations Completed in this Project

I. Shear-Dominated Biaxial Failure Analysis of Polymer Matrix Composites at
Room and Elevated Temperatures” by Gregory Morris Odegard, Ph.D.
Dissertation, Department of Engineering, University of Denver, Denver, completed

June 2000.

This dissertation addresses' the influence of shear-dominated biaxial stresses on the
behavior of unidirectional and woven fabric polymer-matrix com_posites a't’room and
elevated temperatures. The experimentally determined elastic-plastic properties of the
various composite materials have been examined and applied to finite element anal‘yses
of s_heéi‘-dominated biaxial tests: the standard Wybming Tosipescu, biaxial Iosipescu, and
off-axis tensile tests. The numerically determined internal stresses aﬁd strains have been
used to study. the failure behavior of the shear test specimens and the composite
" materials. It has been determined that while the Iosipeecu test may be used to determine
the shear modulus of unidirectional and woven-fabric composite and the interlaminar
shear strength of woven-fabric composites, it is inadequate for the deterrnination of
intralaminar shear strength of unidirectional coﬁqposites. Also, a series of off-axis tensile
tests have been conducted on the unidirectional graphite/PMR-15 corhposite at room and
various elevated temperatures. The elastic-plastic and failure properties have been
determined for each temperature, and relations have been generated that descnbe the

properties as a function of temperature.
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II. “Analysis of Residual Stresses in Graphite Fiber/PMR-15 Composites” by
Bartlomiej J. Benedikt, Ph.D. Dissertation, Department of Enginéering, University of

Denver, Denver, completed in June 2003.

This dissertation addresses the f)roblem of determining the thermal residual stresses in
unidirectional and woven graphite/PMR-15 composites from the aluminum inclusions
embedded between the first and second plies of 6-ply unidirectional and 4-ply woven
laminates. The stresses in the inclusions have been measured using X-ray Diffraction
(XRD) from 422 aluminum reflections. The experimentally obtained'values of the stress
field in the embedded inclusions have been Subsequently used to calculate the average
thermal residual stresses in tﬁe composites. The visco-elastic’ Eshelby method has been
used to obtain the residual stresses in the polymer matrix from the 'stresses in the
embedded inclusions. The magnitudes of the thermal residual stresses calculated frofn‘ the
XRD experiments and the Eshelby method have been compared with the results given by
the visco-elastic CLPT (inter-laminar model) and the Eshelby method (intra-lamiﬁar ‘
model). In order to further verify the obtained results, the composite speciméns have Been
subjected to 4-point bending conditions. The totai stresses and strains in Athe Al paﬁiCles
caused by the residual thermal stressés in the composite and the applied stresses
generated by a four point bending fixture have been measured by XRD for different
bending moments. It has been shown that for small bendiﬁg displacements the stresses in
the embedded inclusions were increasing linearly with the applied. bending moment,
however for large bending displacements the stresses in the embedded inclusions
stabilized, which suggested that the embedded inclusions were deforming pla_stically. The
proposed methodology was also used to investigate the effect of the matrix degradation
on the thermal residual stresses. The unidirectional and woven composite specimens have
been aged in air and nitrogen for 1064 hours and 1170 hours at 315°C, respectively. The "
residual thermal stresses in the embedded aluminum lparticles have been monitored
during this experiment. In the last part' of this dissértation, the'effécts of iriclusidns shape,’
. distribution, and formation of an aluminum oxide ﬁlni on a surface of the inclusions, on

the calculated thermal residual stresses in the composites was investigated.
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III. “Mechanical Response of Graphite/Polyimide Composites at Elevated
Temperatures” by'Mark Gentz, Department of Engineering, University of Denver,

Denver, C'olorad.o, Aungust 2004.

In this research the in-plane Iosipescu shear test and the + 45° biaxial shear test have been
“used to characterize the shear properties 'of woven T650-35/PMR-15, M60JB/PMR-II-50,
and M40JB/PMR-II-50 composites at room temperature and 316°C. Aléng with the
characterization of the woven composites, the shear properties of five other fiber
architectures, including out of plane stitching, using the M40JB fiber and PMR-II-50
matrix have been investigated and compared with the baseline four harness woven
M40JB/PMR-II-50 composite at room temperature and at 316°C. For each of these
composites an indication of their residual stress state has been determined using an
acoustic emission criterion as the onset of the initiation of damage. The * 45° biaxial
shear test along with acoustic emission has also been used to determine if the residual
stress state of a T650-35/PMR-15 composite changes as a fuhction of isothermal aging
time'in a 316°C nitrogen environment. Time and temperature models of the combined
dilatational and deviatoric response of the neat resin matrix materials have been
developed. These material models have been used numerically with the idedlized
geometry of two  dimensional unidirectional composites. It was determined
experifnentally that the ultimate shear strength of the eight harness T650-35/PMR-15 is -
greater at room and high temperature, as determined by the Iosipescu shear test vérsﬁs the
+ 45° test. However, the moduli determined by both tests compare well. The uitimaté
shear strength determined by the + 45° test is also noticeably'dependant on the specimen
* 'width. From experiment it was determined that the ultimate shear strength for the
M60JB/PMR-II-50, M40JB/PMR—]I—50, and T650-35/PMR-15 composites is a function
of thé strain to failure of the fibers. It has been found from experimental analysis that the
residual stress level in the woven M60JB/PMR-II-50 and M40JB/PMR-II-50 is greater
than in the T650-35/PMR-15 composite which agreed with the obsérvations made by
modeling the unidirectional composites. Also, it was numerically determined that the

unidirectional M60JB/PMR-II-50 and M40JB/PMR-II-50 composites were unaffected by
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aging in N, at 316°C and slightly affected the T650-35/PMR-15 aged under the same

conditions.

IV. “Multiscale Stress and Damage Initiation Analyses in Graphite/Polyimide
Composites” by Przemyslaw Rupnowski, Ph.D. Dissertation, Department of
Engineering, University of Denver, in preparation, expected completion March
2005. |

PERSONNEL SUPPORTED

Four graduate Ph.D. students were involved in this project between February 2000 and
November 2004, namely Dr. G. Odegard, Dr. B. Benedikt, Dr. M. Gentz and Mr. P.
Rupnowski. These four students of the Materials Science graduate program in the
Department of Engineering at the Umvers1ty of Denver were supemsed by Dr. M. |

Kumosa.

Dr. G. Odegard graduated in June 2000 with a Ph.D. in Materials Science at DU and was
hiféd by the NASA Langley Research Center where he worked in the subsequent four
years with Dr. T. Gates in his composite group. Dr. B. Benedikt graduated in Juhe 2003
also with a Ph.D. in Materials Science from DU. He was immediately hired by the Las
Alamos National Laboratory where he is presently employed by their Weapon response
Group (ESA-WR) as a Postdoctoral Research Associate. Dr. M. Gentz graduated in
Auguét 2004 with a'Ph.D. and is preéently employed by DU as a Research Assistant
Professor. Mr. P. Rupnowski is preseﬁtly finishing his Ph.D. research. He should be able
to defend his doctoral thesis in the Winter/Spring of 2005. |

In addition, Dr. P. K. Predecki, Professor Emeritus, Dr. D. Armentrout, Research
Assistant Professor, and Mr. Lucas Kumosa, Research Scientist, were also involved in
this project. Their primary responsibilities were: mechanical testing of composites and

measurement of acoustic emission (D. Armentrout) and SEM analysis and strain gage
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application (L. Kumosa) whereas Professor Predecki was helping Dr. Kumosa

supervising the graduate students.
INTERACTIONS/TRANSITIONS

This study was performed in vefy close collaboration with the NASA Glenn Research
Center. A major portion of the entire funding came from NASA to support research
activities in this ﬁrogram. The composite materials investigated in the project were
manufactured and supplied by NASA. The NASA Glenn Research Center also performed
several quality control tests on the materials investigated in this study. We are especially
grateful to Dr. J. Sutter and Dr. E. Shin of NASA Glenn for their very strong support of ‘
this vstudy. In addition we have interacted with several companies involved in the
combustion chamber project run by NASA Glenn. The statement below was issued by

NASA Glenn in March 2004.

“A lightweight high temperature polymer matrix composite (HTPMC) combustor support
chamber for a Rocket Based Combined Cycle engine successfully survived hot-fire
testing at ATK-GASL. This testing concludes a three year collaboration between NASA
Glenn and Boeing to design, fabricate and test the support structure and fulfills a GPRA
(Government Performance Reform Act) milestone for the UEET (Ultra-efficient Engine
Program). The support structure was prepared from a high temperature composite
material, PMR-II-50. In addition to satisfying an important technical milestone, this
activity is noteworthy because it constitutes a number of ‘firsts.” This is the first
application for Rocketdyne of a high temperature polymer matrix composite in a space
propulsion component. Successful completlon of this test will enable Rocketdyne to
explore other applications for HT PMCs in their engines. It is also the first time that a
- full-scale PMC structure has been tested at GASL. Experience gained from this testing
will enable GASL to more easily test similar structures. In addition to Rocketdyne, this
effort involved the participation of twenty-four companies (component designers,
fabricators, resin/materials suppliers, etc.), universities (U of Dayton Research Institute,
U of Denver), and the Air Force Materials Lab. This effort utilized GRC expertise and
© facilities in the Life Prediction (5920), Structural Mechanics and Dynamics (5930)
Branches, and Engineering and Technical Services Directorate. This project was
supported by the former HOTPC program and is currently funded by UEET-Highly
Loaded Light Weight Compressors and Turblnes ” [NASA Glenn]”

According to Dr. Sutter of NASA Glenn, the chamber (below) survived 5 days of testmg
wherein multiple tests "conditioned” this structure with 4000 deg F air and repeated




internal pressuring that simulated the RBCC component.

Letter From Dr. J. K. Sutter to Dr. M. Kumosa

December 13, 2004
RPM/5150

Dr. Maciej Kumosa
University of Denver
Department of Engineering
Denver, Colorado 80210

Dear Maciek,

I wanted to let you know how much I appreciated all your help over the past five years.

You and your group have demonstrated an exceptional ability to adapt your research on our high

temperature polymer composite systems. But it is not just your ability to change focus, your

relentless desire to precisely know how these materials behave has led to several poignant

discoveries on these polymer systems that are inordinately difficult to characterize and

subsequently understand. As I reflect on your groups’ contributions, here are a few of the
highlights that I take away from your research:

¢ Diligently examining and refining tests led to a better understand biaxial stress states in

high temperature composites. Despite many years of resedrch you performed earlier in

your career on losipescu shear tests, you were willing to re-examine that research by

performing a thorough comparison of this test with other methods (+ 45 degree off-
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axis). Your critical evaluation of these two test methods led you to reconsider
conclusions derived from your earlier work. That ievel of integrity in your research
convinced me that collaborating with you on future projects would be an honest affair.
Ultimately, this research provided a clear understanding of the residual stresses that
high temperature polymer composites retain after processing. This knowledge will go a
long way in developing reliable light-weight components for both space and military
applications.

e Collaborative efforts with co-workers such as Dr. Predeckl (University of Denver) were
invaluable in our research geared towards embedding particulates with a composite
structure. The lifetime differences you discovered in aging HT polymer composites in
air versus nitrogen are now, for the first time, accounted for in models that no longer
contain conflicts when predicting residual stresses. That contribution is multi-faceted.
This work significantly contributes to our current applications for carbon fiber PMR-15
compdsites but also to future high temperature applications—perhaps even those that
require coatings for thermo-oxidative and erosion protection.

e Development of an understanding of the transverse coefficient of thermal expansion for
Toray’s M carbon fibers led to our selection of the best combination of fiber and resin
for the successful hot-fire testing of a hypersonic engine containing a lightweight
polymer matrix composite component at ATK-General Applied Science Laboratory
(GASL). In addition to satisfying an important technical milestone, this activity is
noteworthy because it constitutes a number of "firsts." This is the first application for
Boeing Rocketdyne of a HTPMC in a space propulsion component. It is also the first
time that a full-scale Polymer Matrix Composite (PMC) structure has been tested at

"GASL. Your contribution to this project enabled our team towards a robust component

design which demanded that the composite structure remain dimensionally stable
despite an incredible rapid increase in temperature during the hot-fire rocket engine
testing. In addition to Boeing, this effort involved the participation of twenty four
companies (component designers, fabricators, resin/materials suppliers), as well as the
Air Force Materials Lab (AFML). Therefore, you and the University of Denver
received extensive exposure to many of the leaders in our aerospace 1ndustry—~—-certa1nly’
those intimate with its composites 1ndustry

Finally and o_n a personal note, I'd like to congratulate you on your ability to successfully
motivate your undergraduate and graduate students. On several occasions, I've spoken with
many of your students. They have gained your relentless trait to fully understand a complex
problem. That will serve them well in their future efforts regardless if in science,
engineering or their personal lives. Again thank you and I look forward to working with
you in the future.

James K. Sutter, Ph.D.
Project Manager for High Temperature Polymer Matrix Composxtes
Materials Division

P.S. NASA code of ethics prohibits us from using NASA letterhead for letter of this nature.
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Abstract

In this research, the magnitude and distribution of residual aging stresses in unidirectional graphite fiber/polyimide composites
were investigated. First, a viscoelastic aging material model was developed by characterizing the isothermal aging strain and stress
relaxation of neat PMR-15 polyimide. Then, the aging material model was applied to numerically evaluate the effect of matrix aging
and cooling on the residual stress state of a unidirectional graphite fiber (T: -650)/polyimide (PMR-15) composne It has been shown
in this work that residual stresses in the composxte are significantly affected by high temperature aging. Most importantly, the
magnitude of the resxdual stress caused by agmg in Nz at 316 °C for one month was found to be comparable to the coolmg stress in

"the composite.

© 2004 Elsev1er Ltd. All rights reserved

Keywords': Unidirectional composites; C. Residual stresses

1. Introduction and background

Residual stresses in high temperature polymer matrix
composites occur not only from the differences in the
thermal expansions of the fiber and matrix materials [1],
but also from the reduction in volume of the matrix
material at high temperatures. For PMR-15 polyimide/
carbon fiber composites the structural changes at high
temperatures are due to physical and chemical aging as
well as thermal degradation of the glass forming matrix
material [2-4]. Aging and cooling residual stresses in
woven polyimide matrix carbon fiber composites may be

* high enough to create transverse tow micro-cracks [5].

Examples of such micro-cracks are shown in Figs. 1(a)
and (b). To determine the residual stress state in a
composite structure manufactured with high tempera-

* Corresponding author. Tel.: +1-303-871-3807; fax: +1-303-871-
4450.
E-mail address: mkumosa@du.edu (M. Kumosa).
! present address: NASA Glenn Research Center at Lewis Field,

~ 21000 Brookpark Road, Cleveland, OH 44135, USA. ‘

0266-3538/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2003.12.006

ture polyimides the physical properties of the polyimide
as functions of time, temperature, physical aging,
chemical aging, and thermal degradation are required.
The analysis may be simplified, however, by measure-
ment of the polyimide properties in an inert atmosphere.
This is done to restrict the changes in the polyimide to
physical aging and cross-linking. Contrary to polyimide
resins, which will undergo significant changes in their
physical properties with time and temperature, the
properties of the carbon fibers are stable at elevated
temperatures relative to the polyimide [2-4].

The isothermal stress relaxation response for a con-
tinuously aging material may be modeled by the
Kohlrausch function [6] -

G(r) _ ot/ .

O ; | (1)
where G(0) is the shear modulus at ¢ =0, 7, is a shear
stress relaxation time constant, and f; is a shear stress
relaxation fractional exponent between 0 and 1. Simi-
larly, isothermal length relaxation for a continuously
aging material may be modeled by
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5= @)

with the initial length L(0), 7; the length relaxatlon time

constant, and B, a length relaxation fractional exponent
‘between 0 and 1. Then, if §, and f; are constant for the
isothermal relaxations at different temperatures, the
activation energy for each process, shear and length
relaxation, may be detérmined. Linearizing the Arrhe-
nius equation with AH the activation energy and R the
gas constant and plotting In 7 determined from Egs. (1)
and (2) vs. 1/T for each isothermal process yields the
activation energy for shear and length relaxation in a
neat polymer

AH
1nT=—ﬁ+hl‘Co. ’ ' ‘ (3)

If the activation energy for each process is the same it
may be used as a common shift function, 4, with I; the
reference temperature :

CAH (1 1

=-}TT—’(-YT_T(t)) “)
The reduced time (¢) is defined as [7]
¢= / efdr. : < (5)

(b)

Fig. 1. Transverse tow micro-cracks in a woven graphite fiber polyi-
mide composite [5]. Individual tow micro-crack from (a) [5].

In this manner, a reference mastercurve for each process
may be used at all temperatures. The use of a thermo-
rheolcgical simple model for the shear relaxation response
of a constant aging material and a thermostructural
simple model for constant aging length relaxation enables

. the reduction of the effect of temperature with constant
-aging on shear and length relaxation into the time do-

main. Then, a material model may be combined with the
structure’s geometry in a finite element model to deter-
mine the state of stress as a function of time and tem-
perature during constant aging using Eq. (6) [8]

o(8) = /aem—a+fmw&%w.@

In Eq. (6), G is the shear modulus, K is the bulk mod-
ulus, 7 is the shear strain and is the volumetric strain.

2. Experimental procedures and results

A Netzsch 402C dilatometer was used to determine
the isothermal aging strain of neat PMR-15 polyimide.
Postcured neat PMR-15 polyimide supplied by NASA
Glenn was cut into specimens approximately 10x5x4
mm. Prior to dilatometry, the specimens were dried in a
vacuum desiccator at 110 °C for 24 h. The specimens
were loaded into the dilatometer, the dilatometer was
evacuated and backfilled with N,. The temperature of

* - the specimen was ramped from 25 to 365 °C at 5 °C/min

held at 365 °C for 15 min and then cooled at 10 °C/min

to the test temperature. The specimen was then held at®
the isothermal test temperature for up to four weeks.

Data was collected at a rate of five samples per minute

for the first hour followed by one sample per minute for

the remainder of the test.

The length relaxation data was fitted using the nor-
malized Kohlrausch function, Eq. (2), with a constant §;
of 0.50. Using the same approach, the shear relaxation
data of Roberts et al. [9] was fitted using the normalized
Kohlrausch function, Eq. (1), with §; a constant 0.35.
The 7;s for the length relaxation and 7,s for the shear -
relaxation were used in Eq. (3) to determine the acti-
vation energy for thermostructural and thermorheolog-
ical simplicity of neat PMR-15.

Fig. 2 shows the energy rate determined from the
length relaxation as well as from the shear stress relax-
ation. The activation energies for the length and shear
relaxations were determined to be within two percent of
each other. The average activation energy divided by the
gas constant for the two processes, AH/R = 34016, was
used in Eq. (4) for a common shift function. An illus-
tration of the fitted and normalized non-equilibrium -
aging curves from isothermal length dilatometery on
PMR-15 is shown in Fig. 3. In Fig. 4 the curves from
Fig. 3 are mastercurved to 316 °C using Eq. (5).

Since no long-term continuous aging shear relaxation
data for neat PMR-15 is presently available, the shear
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Fig. 6. Continuously aging shear modulus mastercurve for PMR-15.

stress relaxation modulus for continuously aging neat
PMR-15 in nitrogen at 316 °C was derived using
Kamvouris’ {4] short-time test data (about 30 min), for
neat PMR-15 that was aged for times up to 800 h. in N,
at 316 °C. Structural aging simplicity was assumed-

(constant f), and a rate of change of 7 for aged neat -

PMR-15 was determined from
7 = 1oel~C/h), : (7

where C is a material constant with units of time and ¢,
is the aging time. From Eq. (8), 7 at aging times up'to
800 h. in N; at 316 °C may be determined. The curve of

Int= —C(tl) + In 7, (8)

is shown in Fig. 5. The normalized shear modulus of
neat PMR-15 aged in N, as a function of time for
continuous aging derived from Eq. (8) is shown in

" Fig. 6. For comparison, an extrapolation of the short-
term modulus data from Roberts et al. [9] is also in-
cluded in Fig. 6.

3. Numerical analysis

The continuously aging length and shear relaxation
mastercurves for PMR-15 as well as an activation en-

Fig. 7. Bexagonal (left) and square (right) fiber arrays along with their
unit cell representations (bottom).

Fig. 8. Finite element representations of the Eexégonal deft) and
square (right) unidirectional composite models.

ergy based shift function have been derived in the pre-
vious section. In this section, numerical predictions of
the residual stress state in an idealized unidirectional
carbon fiber/PMR-15 composite will be determined us-
ing finite elements following Eg. (6). :

The effects of aging and cooling strains on the resid-

qal stresses in a unidirectional graphite fiber/PMR-15

composite were examined using two simple unidirec-
tional composite models, specifically the hexagonal and
square unit cells (Fig. 7). These models are representa-
tions of the center of an infinite hexagonal or square
array of fibers [10]. The finite element representations of
the two models are shown in Fig. 8. For each unit cell
shown in Fig. 8, the left edge nodal displacements were
constrained in the horizontal direction, whereas the
lower edge nodal displacements were constrained in the
vertical direction. The right edge nodal displacements
were ‘consistent in the horizontal direction and the
top edge displacements were consistent in the vertical
direction. ' '

The PMR-15 polyimide matrix was modeled using
six-node two-dimensional plane strain elements with the
isotropic properties of the neat polymer developed and
described above. The T-650 graphite fibers were mod-
eled with two-dimensional six-node plane strain aniso-




M. Gentz et al. | Composites Science and Technology 64 (2004) 1671-1677 1675

60 -

o B0 -

B

< 40

g

» 304

"]

']

g 20 —rs

§ _—300
10 4 . |—316

0 5 10 15 20 25 30

Time (days)

Fig. 9. Comparison of von Mises stress generated during aging at 285,
300, and 316 °C.

tropic linear elastic elements using the mechanical

properties from Peebles [11]. The simulations directly
follow postcuring at 316 °C and assume a stress free
initial state. The simulations consisted of: (1) cooling
from 316 to 25 °C in 15 min with no isothermal aging
and (2) isothermal aging at 316 °C for up to six weeks
followed by cooling to 25 °C in 15 min. Isothermal aging
was also simulated at 316, 300, and 285 °C without
cooling (3). The simulations for isothermal aging at 300
and 285 °C commenced after cooling from 316 °C to the
. aging temperature in 1 min.

Representatwe results from the numerical analysm
are presented in Figs. 9-12 to briefly indicate. the effects
of aging temperature and cooling, fiber volume fraction
and fiber architecture on the residual stresses in the
composite. For example, a comparison of the maximum

-yon Mises stresses generated during aging without
cooling at 285, 300, and 316 °C for the square unit cell
with 50% ¥; is shown in Fig. 9. In Fig. 10, a comparison
of the maximum first principle stresses for'the 40%, 50%,

*60%, and 70% ¥} square unit cell for aging with cooling
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Fig. 10. Comparison of the first principle stress generated during aging
with cooling at 316 °C for the 40-70% square unit cell models.
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Fig. 11. Comparison of the first principle maxixﬁun‘['stresses between
the 70% V; hexagonal and square models for aging at 316 °C with
cooling.

at 316 °C is also presented In addition to Fig. 11, the
first principle maximum stresses between the 70% ¥
hexagonal and square models for aging at 316 °C with
cooling to room temperature are shown. To better
illustrate the effect of the two different geometries on
the residual stress distribution, the von Mises stress

114 129 144 188

Fig. 12. Companson of von Mises stress fields between the 70% ¥ hexagonal (left), and square (nght) unit cell models for aging at 316 °C with

cooling.
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Fig. 13. Comparison of maximum first principle stresses for the FEA
50% ¥; square unit cell model with and without the addition of post-
cure strain for aging at 316 °C with cooling,

contours for the case of aging at 316 °C and cooling to
room temperature are shown in Fig. 12.

The results presented in Figs. 9-12 were obtained
without considering the effect of postcuring strains.
However, it was found that during postcuring at 316 °C
for 16 h the aging strain of neat PMR-15 was approxi-
mately 0.2%. The effect of the additional strain that
occurs during postcure is shown in Fig. 13, In this figure,
the maximum first principle stress from the 50% ¥
square unit cell model after aging in nitrogen at 316 °C
for up to six weeks with cooling, with and without the
addition of the postcure strain, are compared. No data

.is ‘available for the change in the “shear relaxation
modulus of PMR-15 during postcure therefore this

simulation assumed that the shear relaxation function is
unaffected by the postcuring,

4. Discussion

The data presented in Figs. 9-13 clearly show that the

residual stresses in the composite are strongly affected by
the aging and cooling conditions as well as the composite
architecture. For example, after six weeks of aging with
cooling the difference between the first principle maxi-
mum stresses for the 70% and 40% V; square unit cell
models was 17% and the difference between the 50% and
40% V; square unit cell models was 6% (Fig. 10). From
Fig. 11, after four weeks of aging with cooling the differ-
ence between the maximum first principle stress from the
70% V; hexagonal and square unit cell models was 6%.

Accordingly, the difference in the maximum first principle -

stresses between geometries is approximately the same as
a change of 10% volume fraction of fibers.

Although the maximum stresses are comparable be-
tween geometries, square vs. hexagonal, the stress fields

are not; as-shown-in Fig.-12: In-Fig-12,-the square-unit - —- ———d-c--o = --_-__T.-I_:__ oo

cell (right), center fiber is outlined and shows a von
Mises stress gradient through the fiber. Conversely for
the hexagonal unit cell (left), there is no stress gradient
through the fiber. ‘
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~ Referring to the fiber distribution shown in Fig. 1(b),
it is easy to imagine a unidirectional composite made up
of random distributions of hexagonal and square arrays
of fibers. Therefore, when the unidirectional composite
is cooled or aged it may have stress distributions rep-
resenting combinations of the two stress fields shown in
Fig. 12. Importantly, during aging large residual stresses
in graphite fiber/polyimide composites are generated
which should not be ignored in any stress analysis in-
volving high temperature aged polymers.

The effect of aging on residual stresses in-the com-
posites can also be observed from the data obtained by
Benedikt et al. [12]. Benedikt determined the interlami-
nar stress in a 50-53% ¥; T650/PMR-15 unidirectional
composite by measuring the change in lattice spacing of
embedded aluminum particles, as illustrated in Fig. 14,
The residual stresses in the composite were determined
from the residual strains in the particles using the Es-
helby [13)/Mori-Tanaka method [14] after aging in ni-
trogen at 316 °C for up to six weeks then cooling to
room temperature and measuring using X-ray diffrac-
tion (XRD). The calculations of the residual stresses in
the composite were performed with and without the
addition of aging strains [12]. However, the effect of
aging strains, from both postcuring and aging, was

Fig. 14. Cross-section of unidirectional T-650/PMR-15 with embedded
aluminum particles. '
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Fig. 15. Comparison of X-Ray residual stress and FEA simulation for
aging at 316 °C with cooling.
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present in the XRD residual strain data for the
inclusions [12]. ‘

Fig. 15 compares the first principle interlaminar re-
sidual stress calculated using the Eshelby/Mori-Tanaka
method from the residual X-ray stresses in the inclusions
with and without the effect of aging strain [12], with the
‘maximum first principle stresses determined in this study
using the 50% ¥; square unit cell model including post-
curing strains. It can be seen that the residual stresses in
the composite during postcuring determined from XRD
[12] and numerically in this study are in very good
agreement. This implies that the two independent ap-
proaches yielded the same residual stress data with aging.
It also shows that for the proper interpretation of the
XRD data the effect of the aging strains must be included.

5. Conclusions

1. It has been shown in this research that the stress de-
veloped during high temperature aging of a unidirec-
tional T-650/PMR-15 composite is significant. The
magnitude of the residual stress in the composite
caused by aging for one month at 316 °C was found
to be comparable to the residual stress developed dur-
ing cooling from 316 to 25 °C.

2. Reducing the isothermal aging temperature signifi- .

" cantly affects aging strains and stresses. Changing
the isothermal aging temperature from 316 to
300 °C lowers the aging stress by as much as one third
and from 316 to 288 °C by half.

3. Aging maximum stresses between the square fiber ar-
ray and the hexagonal fiber array are comparable.
However, the stress distributions between architec-
tures vary significantly. Although the maximum stres-
ses are not significantly affected by fiber architecture,
the volume fraction of fibers has a considerable affect
on the aging and cooling stress.
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Abstract

In this work, the effect of two types of in-plane shear dominated loads on the initiation of intralaminar damage has been eval-
uated in an 8-harness satin (8HS) T650-35/PMR-15 (graphite/polyimide) composite tested at room and elevated temperatures. The
‘composite was subjected to either pure in-plane shear or combined biaxial tension and shear, which represented the stress conditions
in the gage sections of the Iosipescu shear and +45° tensile tests, respectively. The stress distributions in the composite were deter- -
mined as a function of load and temperature by performing non-linear stress computations on the micro-, meso- and macro-levels.
Both the concept of representative micro- and meso-unit-cells'and the viscoelastic Eshelby/Mori-Tanaka approach were used in the
analyses. The macro-response of the composite to the in-plane shear and biaxial loads was predicted at both temperatures and then
validated by comparing it with the available experimental data. The micro-stress calculations have shown that on the micro-scale
noticeably higher maximum principal stresses in the polyimide matrix in the vicinity of the graphite fibers were determined for the
biaxial load case than in pure shear, both at room and high temperatures. It was shown that by using the numerical stress predic-
. tions, the experimentally observed differences can be explained in the initiation of tow micro-cracking in the woven composite sub-
jected to the Yosipescu and *45° tests at room and elevated temperatures.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Woven graphite/polyimide composites; Shear response; Modeling; Finite. element method; Failure prediction; Elevated temperature

1. Introduction

Graphite fiber/polyimides are advanced composite
systems suitable for aerospace applications that require
high specific strength and stiffness at elevated tempera-
tures [1-24]. Especially, woven systems are quite popular
in aerospace applications. However, one of the limita-
tions of such composites is their low shear strength un-
der shear and biaxial shear dominated loads both at
room and elevated temperatures [4,6,10,11,14,19], which
can lead to premature failures of aerospace components.

* Corresponding author. Tel.: +1 303 871 3807; fax: +1 303 871
4450. N
E-mail address: mkumosa@du.edu (M. Kumosa).

Since the composites are manufactured at relatively high
temperatures, due to the mismatch in the coefficients of
thermal expansion of the fibers and the polyimide resins,
large residual thermal stresses exist in these materials’
[8,9,13,15,16,19-21]. These stresses can significantly
influence the strength properties of the composites
and, in particular, their resistance to damage initiation
under shear and shear dominated biaxial loads [19].

To evaluate the response of woven composites to
shear, the Josipescu shear and *45° tensile tests can be
employed (see Fig. 1(a) and (b)) [25,26]. The application
of these two tests in the shear testing of the composites
has been particularly successful in the failure analysis of
the 8HS T650-35/PMR-15 system both at room and ele-
vated temperatures [4,6,10,11,14,19]. The shear strength

1359-6454/$30.00 © 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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:h4S' test

losipescu test

" i

tow orientation

Il

* Fig. 1. Schematics of Tosipescu shear and £45° tension tests as applied
to woven composites.

of the composite was determined from these tests and -

the critical shear stresses for the initiation of intralami-
nar damage in the composite were estimated by moni-
toring acoustic emission (AE) [10,11,14]. The shear
strength results from the room and high temperature
testing of the composite are shown in Table 1.

The data presented in Table 1 were obtained by test-
ing the woven Iosipescu and +45° specimens on a MTS
809 system at a displacement rate of 1 mm/min. The Jos-
ipescu specimens were tested in an environmental cham-
ber whereas infrared lamps were used to heat the +45°
specimens. AE was monitored during testing using wide
band sensors at room temperature and resonant sensors
at high temperature. Detailed descriptions of the testing
conditions, specimen preparation and the limitations
encountered in the testing procedures can be found in

- [10,11,14).
The data in Table 1 clearly show that the shear stress

at the initiation of the intralaminar tow micro-cracking .

Table 1

Shear stresses at the onset of intralaminar damage and shear strength

of 8HS T650-35/PMR-15 tested at room temperature and at 315 °C

[10,11,14)

Test Shear stresses at the
onset of intralaminar
damage [MPa]

_ Shear strength [MPa]

+45° JTosipescu *45° Josipescu |
at RT '52.6%6.1 948+13 820%0.15 1058+2.6
at315°C 37352 599+%12  508+%6.0 71.8%4.2

in the 8HS T650-35/PMR-15 composite (see Fig. 2) is
lower in the case of the £45° tensile test than for the Ios-
ipescu test both at room temperature and at 315 °C. It
was suggested that this effect could have resulted from
the fact that in the £45° test the composite was subjected -
to biaxial tension along the warp and fill tows and in-
plane shear loads whereas in the gage section of the wo-
ven losipescu specimens the stress field was predomi-
nately pure in-plane shear [6,11]. To further examine
this effect . Rupnowski and Kumosa [15] performed
meso- and micro-viscoelastic finite element computa-
tions of stresses in the composite subjected to various
in-plane uniaxial, shear and biaxial loads at room tem-
perature. It was shown that the combined effect of resid-
ual stresses and external applied loads had a greater
influence on the micro-stresses if the composite was sub-
jected to the loading conditions produced by the +45°
test (combined biaxial tension and shear) than if the
load case simulated the Iosipescu shear test (predomi-
nately in-plane shear). Even more importantly, the com-
bined effect of biaxial tension and in-plane shear was

Tow Cracks

Fig. 2. Damage initiation and progression in 8HS T650-35/PMR-15
subjected to shear dominated loads at room temperature; (a) tow
micro-cracking and (b) damage at maximum load {10,11].
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determined to generate the highest micro-stresses in the
matrix inside the tows, among all in-plane simple and
biaxial load cases [15].

In our previous work [15], the micro- and meso-visco-
elastic stress analyses of the 8HS T650-35/PMR-15 sys-
tem were performed only at room temperature. In this
research, the previous stress investigation is extended
to higher temperatures, up to 315 °C. An attempt is

made here to compare the failure process of the compos-. -

ite subjected to Iosipescu and *45° tests not only at
room temperature but also at the elevated temperature,
which could be expected in-service (315 °C).

2. Material characterization
2.1. Composite

A detailed description of the investigated composite,
its architecture, quality control, manufacturing, stiffness
and thermal properties, etc. was already presented in
[10,11,14]. In this work, only the most important infor-
mation about the composite is listed. The composite
consisted of sixteen 8HS plies and was manufactured
and postcured (for 16 h in air) at 315 °C. The cooling
rate was 1.3 °C/min. The composite had an average vol-
ume fraction of fibers of 61.1% and its glass transition
-temperature was 342 °C. The volume fraction of voids,
as determined from acid digestion tests was less than
1.5%.

2.2. Fibers

The elastic and thermal parameters of the T650-35 fi-
‘bers were measured by Rupnowski ét al. [22,24] and are
shown in Table 2. The fiber stiffness properties (Eq, —
longitudinal Young’s modulus, Er — transverse Young’s
modulus, Gy, — longitudinal shear modulus, Ggr — trans-
verse shear modulus, vy, - longitudinal Poison’s ratio)
were determined in [22,24] by measuring the stiffness
constants of a unidirectional composite based on the
same fibers and resin by the three-component oscillator
resonance method [24] and then extracting the fiber
properties from the composite macro-data using the in-
verse Eshelby/Mori-Tanaka approach [22,27,28]. The
same numerical technique was used to determine the
coefficients of thermal expansion of the fibers (¢, — lon-
gitudinal and ot — transverse) from the composite mac-
ro-data obtained using a dilatometer.

Table 2

2.3. Polyimide resin

The mechanical behavior of PMR-15 is significantly
influenced by elevated temperatures and strain rates,
leading to the reduction of its stiffness and strength
properties (see Fig. 3). As examples of these effects,
the data in Fig. 3 are shown at room and 315 °C temper-
atures. The response of the PMR-15 was measured by
mechanical testing using 90 mm long dog bone-shape
specimens with 15 mm gauge sections and the axial
strain was measured using a high temperature extensom-
eter (Epsilon 3555 Un-Cooled). The high temperature
tests were performed in a temperature controlled envi-
ronmental chamber. The strain rate effect is illustrated

1in the high temperature data only by showing three sets

of most representative stress/strain curves (two at each
strain rate) for three different strain rates (0.4, 5 and
7%/min). A strain rate effect was not observed at room
temperature therefore it was not shown in Fig. 3. Also,
the stress/strain curve at room temperature is an average
curve representing six independent tests. The Young’s
modulus at room temperature was 3.7 + 0.4 GPa. The
modulus at high temperature was lower and strain rate
dependent. At 0.4, 5 and 7%/min, the Young’s’ moduli
were 1.6, 1.9 and 2.8 GPa, respectively (average of two
tests for each condition). The dashed line shown in
Fig. 3 as a linear extension of the high temperature data

“at 7%/min was used in the numerical prediction, which

will be explained later on in this work.

In the calculations of micro- and meso-stresses
caused by manufacturing and mechanically applied
loads at room temperature, a temperature dependent
visco-elastic model of PMR-15 [8,29,30] was employed.

. 70 /é‘ —7 %I’An;.u e
0 ‘,a"" .
6 ' /‘ ~&=5%/min
50 4
- ——-
g 40 0/ N1,
§ 30 1
1 .
20 4 ~¥--RT average out of six
~——315"C experiment
104 ~ =« 815°C average
~----315°C extrapolation
]

0% 1% . 2% 3% 4% 5% 8% 7% 8%
strain :

Fig. 3. Stress vs. strain curves for PMR-15 at room temperature and at
315 °C tested t three different strain rates.

Elastic properties and coefficients of thermal expansion of T650-35 fibers [22,24}

Er [GPa) Err [GPa) Gr [GPa)

Grr [GPa] .

e [1075°C) ver [1075/°C)

Fiber T650-35 243 154+0.5 21111

58+04

0.44 £ 0.02 -12%0.05 13.5£0.8
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To describe the behavior of the composite at 315 °C an
elasto-plastic model of PMR-15 was used.

2.3.1. Visco-elastic model of PMR-15

- Following [8,29,30], a visco-elastic formula for the
shear modulus G,,(z,T) of PMR-15 as a function of time
and temperature for temperatures ranging from
room temperature to 348 °C was used according to

Eqgs. (1)-(4).
Gm(ty T) = Gm(éjTref)’ (1)

Go(t, Tres) = 603.9 4+ 519.2exp(—2/11.13)
+100.9exp(—2/325.5) + 116.5exp(—1/3977),

V)
where
Y .
0= [ e .9
ay(T) = 1OE"P(O'“(“”348)0'23-4'3), 4)

with T = 288 °C.

In the above equations time ¢ is expressed in seconds,
temperature T in °C and G, in MPa. Using Egs. (1)-(4)
and assuming that the Poisson’s ratio v,, of PMR-15 is
constant (0.36), the range of the effective Young’s and
shear moduli E,, and G,, could be derived for a given
temperature and time. o :

The temperature dependant coefficient of thermal

~ expansion, a,, of neat PMR-15 was measured be-

tween 25 and 315 °C and is given by the following
_expression [22]:

O = a*(T +273.15 °C)[1 — 0.809aT — 258(aT)’
‘ +21828(aT)’], (5)

" where a = 3.64 x 1074/°C. The relationship described by
Eg. (5) is based on the experimental data obtained using
length dilatometry.

2.3.2. Elasto-plastic model of PMR-15
' To evaluate the response of the woven composite at
~ 315° an elasto-plastic model of the resin was assumed.
The effect of strain rate was also considered following
the data shown in Fig. 3. For a strain rate of 7%/min
the elastic limit was estimated to be approximately
20 MPa with the total and plastic strains at failure equal
to 2.7% and 0.75%, respectively. The elastic limits for
the other two strain rates, 0.4%/min and. 5%/min, were
12 and 15 MPa, respectively with noticeably larger total
and plastic strains at failure. In the calculation of micro-
stresses in the woven composite only the data for a
strain rate of 7%/min, shown in Fig. 3, were considered.
Since the micro-stress analysis required large stress data,
the average high temperature results at 7%/min in Fig. 3,

were linearly extended for the purpose of the numerical
simulations.

3. Micro- and meso-stress calculations

The numerical analyses of the micro- and meso-stres-
ses are comprised of the following three steps. First,
either the Eshelby/Mori-Tanaka approach [27,28] or a
micro-unit-cell model was employed to obtain the prop-
erties of the tows. Then, the properties of the tows were
introduced into a meso-unit-cell representing the 8HS"
woven composite. Subsequently, the meso-unit-cell was
subjected to mechanical loads simulating either pure
in-plane shear (losipescu) or combined shear and biaxial
tension (+45°) stress fields and, consequently, the meso-
stresses and strains in the composite were calculated. Fi-
nally, the meso-strains obtained in several locations of
the 8HS unit-cell were transferred back into the micro-
unit-cell and the micro-stresses inside the tows in those
locations were numerically determined at room temper-
atures and at 315 °C as a function of load for the two
load cases. '

3.1. Micro-stress modeling

The micro-scale three-dimensional hexagonal FE rep-~
resentation of a unidirectional tow with a volume frac-
tion of fibers, f, of 72% is shown in Fig. 4. The
assumed volume fraction of fibers agreed with experi- .
mental observations [31]. Since the stresses in the hexag-
onal unit-cell do not depend on the x3 coordinate, the
thickness of the model 4 can be arbitrarily chosen. In or-

ﬁ
Xy

—3%

Fig. 4. Finite element representation of unidirectional tow with 72%
volume fraction of fibers. '
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der to reduce the computation time, the most suitable
approach is to construct the mesh that consists of only
one element layer, as shown in Fig. 4. Twenty-node iso-
parametric distorted three-dimensional brick elements
were employed to build the micro-unit-cell.

The following periodic boundary conditions were ap-
plied [32]:

U:(0,0,d/2) =0 (6)
for the faces perpcndicular to the fiber axis
Ui(x%1,%2,d/2) = Ui(x1,%2, —d/2) + (es)d (M
for x; € [—al3,al3), x3 € [—d/2, dI2]

Ui(x1,b,%3) = Ui(x1, =b,x3) + (€2)2b (8)

for x; € [~2al3,—al3), x3 € [-d/I2, dI2]
Uil + a,—V3 - x; — b,x3)
= U;(x;, —V3 - x; — 2b,x3) + (g1)a + (e2)b, ®

Ui +a,V3 31 + b,x3) '
= Us(x1, V3 x1 + 2b,%3) + (ga)a + (ea)(=b).  (10)
In the above equations a=4/nV3/(2f), b=

a-+/3/3, and (e;) denotes the volume averaged strain
in the unit-cell and U, is the displacement vector. (g;)
equals (¢;) and the radius of the graphite fibers was ta-
ken to be 1.

3.2. Homogenization of tows

The temperature-dependent viscoelastic behavior of

the tows was assumed for the residual and mechanical

stress determination at room temperature. For the ele- '

vated temperature calculations an elasto-plastic model
of the tows was used. In this work the approach used
to obtain the viscoelastic properties of the tows at room
temperature was the same as the one presented in [15],
based on the Eshelby/Mori-Tanaka model. It should
be also noted that, according to [16], the Eshelby/
Mori-Tanaka model agrees closely with the response

of a finite element representation of the hexagonal mi-

cro-unit-cell.

The elasto-plastic behavior of the tows at 315 °C was
obtained by introducing the elasto-plastic properties of
PMR-15 from Fig. 3, for strain rates of 0.4, 5 and 7%/
min, to the micro-unit-cell shown in Fig. 4. The effective
response of the micro-unit-cell was numerically deter-

Table 3

Properties of elasto-plastic hexagonal micro-unit-cells at three strain rates

mined for six simple load cases where only one diagonal
component of the stress tensor was assumed to be non-
zero. The corresponding six strain-stress curves for 03,
022, 033, 012, 013 and 6,3 for a strain rate of 7%/min are
shown in Fig. 5. The response of the unit-cell to the
other two strain rates was analogous. The obtained data
clearly show that the mechanical behavior of the unit-
cell strongly depend on the loading conditions. It can
also be seen that the stress—strain curves are non-linear
even at small strains except for the longitudinal tension
case. A small non-linear effect in the longitudinal data
was also found for o33 greater than 1000 MPa. The
Young’s and shear moduli and the elastic limits deter-
mined for the micro-unit-cell are listed in Table 3.

In Fig. 5 the two transverse tension curves (¢;; and
02) and the two longitudinal shear curves (g,; and
013) are almost identical. This means the elasto-plastic
hexagonal unit-cell exhibits almost perfect isotropic
symmetry in the x;—x, plane. This result agrees with
the observations in [16] regarding the behavior of a lin-
ear elastic hexagonal unit-cell. '

For the meso finite element modeling it was necessary-
to select an elasto-plastic material model of the unidirec-
tional tows that would be able to reproduce the behavior
of the hexagonal micro-unit-cell shown in Fig. 5. In this
research, the anisotropic elasto plastic model of Hill [33]
was employed to numerically model the tows. In order
to verify the applicability of the model the transverse
tension g,; vs. &, curve of the hexagonal unit-cell was
taken as the master-curve in Hill’s model [33]. Then,
using the data in Table 3, the Hill’s model response
was obtained for the other load cases and compared

120 |
100 4 -m-sigma33 -©-sigma22
-A-sigmal1 —o~sigma23
‘T 80/ -5 sigma13 -»-slgmai2
-9
Z
w 604
w
2
B 40
20
0 4;,;«" ' . . . ' '
0.0% 02% 04% 06% 08% 1.0% 12% 14% 1.6% '

strain

Fig. 5. Bffective stress-strain curves for hexagonal unit-cell with
elasto-plastic matrix subjected to a strain rate of 7%/min at 315 °C.

Strain rate [%/min] Longitudinal tension

Transverse tension

Longitudinal shear Transverse shear

7 5 7 04 7 5 0.4 7 5 0.4 7 5 0.4
Young’s or shear modulus [GPa) 162 162 162 8.7 7.0 6.3 5.0 3.7 . 3. 31 - 25 2.2
17 15 "9 7.5 6.6 10 8.5 7.5

Elastic limit [MPa] 1000 950 900 20
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w1th the corresponding curves determined from the mi-
cro-unit-cell (Fig. 6). It can be seen in Fig. 6 that the pre-
dictions from the unit-cell and the Hill model are almost
identical.

3.3. Meso modeling

Fig. 7 illustrates a finite element representation of
one-half of a meso 8HS unit-cell. For clarity, the config-
uration of the fill and weft yarns (tows) is shown in this
figure without the resin rich regions. The model was pre-
pared based on SEM images of the 8HS T650-35/PMR-
15 composite {15]. The mesh consists of 26220 isopara-
metric 4 node tetragonal elements. Symmetric stacking
of woven layers was assumed and the periodic boundary
conditions taken from [32] were applied. The total and
tow volume fractions of fibers and the size of the
meso-unit-cell were adjusted to match the values ob-
tained using the acid digestion test [11,14] and SEM
‘observations [31].

The evaluation of the meso-stresses at room temper-
ature consisted of the following two steps. In the first

100
20 ——hexagonal unit-cell
-©-slgma33 (Hill's mode!)
80 ~B-sigma22 (Hill's model)
70 —A~sigma23 (Hill's model)
© -%-sigma12 (Hill's model)
£ o0
@ 50
0 5
g 40
@
30
20
10J
0 dE— , , . . -
00% 02% 04% 06% 08% 1.0% 12% 14% 16%
strain

Fig. 6. Response of hexagonal unit-cell vs. Hill's model for a strain
rate of 7%/min.

Fig. 7. Three-dimensional finite element representation of one-half of
8HS unit-cell. Resin pockets are not shown for simplicity.

step, the residual stresses in the meso-unit-cell were
determined by simulating the last stage of the manufac-
turing process during which the composite was cooled
down from the postcuring temperature at 315 °C to
room temperature. The temperature dependent visco-
elastic properties of the resin and the tows were used
during this stage. It was also assumed that there were
no residual thermal stresses in the composite at the
beginning of the cooling cycle. In the second step, either
pure shear or biaxial loads were applied to the meso-
unit-cell. For the calculations at 315 °C, no residual
stress determination was necessary and the mechanical
loads could be directly applied simulating either pure
shear or biaxial tension. -

For both room and elevated temperature computa-
tions the macro loads 0" (either pure shear or com-
bined shear with biaxial tension) were at first applied
to the meso-unit-cell. This can be written as:

( meSO) o.macro ‘ (1 1 )

where (g7}*°) denotes the volume averaged stresses in the
meso 8HS unit-cell. Consequently, the meso-stress distri-
butions in the homogenous tows and the resin rich pock-
ets were obtained. Then, for several selected locations
inside the tows, the calculated local meso-stresses o5
were used as the boundary conditions in the micro hexag-
onal unit-cell according to the following expression:

(o.g}icm) — O,E:leso. : (12)

As a result of the micro-scale computations the mi-

cro-stresses a““°’° in the individual fibers, in the sur-

rounding matrlx and at the fiber/resin interface were
determined. Eqs. (11) and (12) are expressed here in
terms of stresses. However, the equivalent form for the
strain tensors is also valid since the homogenous Hill
model accurately describes the mechanical behawor of
the hexagonal micro-unit-cell.

4. Failure prediction in 8HS T650-35/PMR-15 composite
4.1. Macro-response of méso-unit-cell to biaxial load

The numerically predicted macro shear stress vs.
shear strain curves for the 8HS meso-unit-cell calculated
at RT and at 315 °C for the biaxial/shear loading are
shown in Fig. 8. For comparison, the experimentally
determined shear stress vs. shear strain curves (two rep-
resentative curves for each case) for the composite tested
at room temperature and at 315 °C using the £45° test
are also presented in Fig. 8. An attempt was made to ob-
tain the composite data at the three strains rates follow-
ing the rates in the resin testing (0.4, 5 and 7%/min).
However, it was found that at 7%%/min the shear stress/
shear strain curves for the composite exhibited far too
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Fig. 8. Macro response of unit-cell (predicted) and 8HS T650-35/
PMR-15 composite (experimental) to biaxial/shear load at room and
elevated temperatures considering strain rate effect at 315 °C.

much scatter. Therefore, these data are not shown in
Fig. 8 for comparison with the numerical results.

It can be seen in Fig. 8 that overall the numerical pre-
dictions at room temperature agree well with the exper-
iment for the £45° test up to approximately 1.2% strain,
despite the fact that the experimental curves appear to
be slightly non-linear even for small loads. Above this
strain, the experimental curves are highly non-linear
due to damage initiation and progression [6]. Also, the
experimental data at 315 °C followed reasonably well
the predicted response at 0.4 and 5%/min considering
the amount of scatter always present in the experimental
results. Most importantly, the strain rate effect can be
clearly seen both in the experiment and the model.

From the numerical data in Fig. 8, the shear moduli
of the composite were also predicted at both tempera-
tures. At room temperature, the predicted shear modu-
Ius of the composite was found to be 5.11 GPa which
compared quite well with the experimental data from
[11,14] ranging from 5.0 to 6.0 GPa. The numerically
predicted modulus was found to be exactly the same
for the shear and biaxial/shear load cases. It was shown
experimentally that the values of the shear modules of
the composite determined from the Iosipescu and *+45°
tests were also quite similar [11]. At 315 °C, the modulus
was predicted to be 4.27 GPa at 7%/min for shear strains
smaller than 0.1% and was the same for both loading
conditions. The predicted moduli at 0.4 and 5%/min
were 3.1 and 2.7 GPa which could not be compared with
the experiment due to the significant amount of scatter
in the curves shown in Fig. 8 for small strains.

4.2. Micro-stress distributions as a function of load and
temperature

To be able to predict the initiation of intralaminar
damage in the 8HS woven T650-35/PMR-15 composite,
the distributions of micro-stresses as a function of tem-
perature and external loads must be determined. Fig. 9

250

200+

150- CEL o e T

1001

-4 point A (fod).  «ge-point B {iow)
~&-point C (o) -0~ point D (tow)

o
o

max principal micro siress [MPa]

~-pEint £ (tow)  ~s~point £ {fow)
~-point B (FRP)

- __~a¢-polrit T {(RRP)

60 80 100
macro shear stress {MPa]

Fig. 9. Room temperature micro-stresses in the matrix at several
locations of the meso-unit-cell subjected to combined biaxial tension
and shear load.

illustrates the maximum principal stress in the resin in
several locations of the composite subjected to biaxial/
shear loads (£45° test) at room temperature. Seven loca-
tions (points A-G) were selected inside the tows and the
micro-stresses at these points were determined using the
micro-unit-cell. The remaining three points (R, S and
T) were located in the resin-rich pockets of the meso-
unit-cell. The results show that the stresses in the resin in-
side the tows were in a relatively small range from 212 to
236 MPa for an external macro-shear stress of 100 MPa.
Also, the stresses in the resin pockets were quite uniform
ranging from 100 to 123 MPa for the same external load.
The stress distributions under pure in-plane shear were
very similar to the biaxial/shear case. At high temperature
the trends in the shear stress distributions were also sim-
ilar with the stresses in the tows, approximately two times
higher than in the resin pockets, however, the magnitudes
of the stresses at 315 °C were significantly lower.

4.3. Failure initiation in losipescu and +45° tests

The values of the maximum principal micro-stresses

"in the matrix between the fibers at point A (see Fig. 9)

of the meso-unit-cell at room temperature and at
315 °C are shown in Figs. 10 and 11, respectively. The
maximum principal micro-stresses were calculated as a
function of external macro-shear loads for the cases of
in-plane pure shear (losipescu) and biaxial/shear
(245°) loads. It can be seen in Fig. 10 that when no
external loads are applied at room temperature, the mi-
cro-stress is equal to the residual principal micro-stress
in the matrix. When external shear macro-loads are ap-
plied, the micro-stresses in the matrix increase at room
and elevated temperatures for both the Iosipescu and
+45° off-axis load cases. It can be observed however that
micro-stresses increase more rapidly in the +45° case
than in the case of the Iosipescu test both at room (see
Fig. 10) and elevated (see Fig. 11) temperatures.
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Fig. 10. Micro maximum principal stress in the matrix at room
temperature for point A, )
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Fig. 11. Micro maximum principal stress in the matrix at 315 °C for
point A,

In Figs. 10 and 11, in addition to the calculated max-
imum principal micro-stresses in the matrix, the possible
ranges of micro-stresses at failure are also indicated for
the two test conditions. The stresses were determined
from the critical macro-shear stresses for the significant
onset of AE [10,11,14], which were assumed to be the
critical loads for the initiation of tow micro-cracking
in the composite. The principal micro-stresses in the ma-
trix for the initiation of tow micro-cracking for the Ios-
ipescu and £45° tests at room temperature and at 315 °C
were also determined and are shown in Table 4.

Table 4
Maximum principal micro-stresses at the initiation of damage at point
A in 8HS woven T650/PMR-15 composite

Test Micro-stress in the resin [MPa]

+45° Tosipescu
at RT 15529 200%2
at 315 °C 5017 70+2
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Fig. 12. Micro equivalent stresses in the matrix at point A at room and
elevated temperatures.

The effect of loading conditions (in-plane pure shear
vs. combined biaxial and shear) on the initiation stresses
can be seen if the principal micro-stresses in the matrix
are compared for the two load cases. However, if the
maximum equivalent (von Mises) micro-stresses in the
matrix are obtained (Fig. 12) no difference in the stresses
can be seen between the losipescu shear and +45° test.
Therefore, the differences in the two tests regarding the
initation stresses can only be observed if the maximum
principal stress criterion is applied. o

5. Discussion

The micro- and meso-stress analyses in the woven
T650-35/PMR-15 composite were performed to predict
the initiation of intralaminar failure of the composite
both at room temperature and at 315 °C under in-plane
shear and biaxial/shear loads. It is important to be able
to either measure or predict the initiation of damage in
the composite since the strength of the composite under
in-plane shear is less than 10% of its ultimate tensile
strength [10,11,14]. The strength is even lower if the
composite is subjected to biaxial tension along the warp
and fill tows in addition to shear. Under these two load-
ing conditions woven composites exhibit the lowest
resistance to damage initiation, which can be especially
low at elevated temperatures ‘[14]. This already low
resistance to damage could be further reduced by chem-
ical and physical aging due to the increase in residual
stresses with aging and chemical degradation [21,23].
Moreover, the effects of manufacturing on the resist-
ance to damage initiation in the composites can be
significant [19]. A

The room temperature visco-elastic approach used in
this research has also been previously applied in the
residual stress analysis of unidirectional and woven
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T650-35/PMR-15 systems [13]. Since the numerical pre-
dictions of the residual stresses could be experimentally
verified, high confidence was gained regarding the accu-
racy of the visco-elastic data. Moreover, the good agree-
ment between the shear stress vs. shear strain diagrams
up to 1.2% strain at room temperature illustrated in
Fig. 8 further supports the argument that the physical
properties of the matrix and the elastic properties of
the fibers were correctly assumed.

The high temperature analysis required an approach
which would also consider the plastic and strain rate ef-
fects. It was shown that based on the non-linear re-
sponse of the neat polyimide resin, the elasto-plastic
properties of the tows and the woven system could be
predicted at 315 °C by employing the meso- and mi-
cro-unit-cell models. Also, the strain rate effect was cor-
rectly accounted for due to the good agreement between
the experimental and numerical data shown in Fig. 8. It
was also observed that the elasto-plastic behavior of the
tows could be very accurately described by Hill’s model
for anisotropic materials. Therefore, Hill’s model could
be used as a link that allows for the load transfer be-
tween the micro- and the meso-scale computations.

Certainly, shear testing of woven composites is not a
-straightforward process. There are several highly unde-

~sirable effects, which can affect the shear strength data. -~

Some of the effects were quite apparent in the failure
analysis of the 8HS T650-35/PMR-15 system. Despite
the fact that the Iosipescu shear and +45° tensile tests
are popular ‘in the shear testing of woven composites,
none of them is without significant problems. Let us
“evaluate both tests to be able to comprehend the com-
plexity of the problem. .
First of all, the stress field in the gage section of the
145° specimens is biaxial with tensile normal stresses
along the fill and warp tows and shear stresses being
of the same magnitude [6,11]. This obviously affects
the micro-stresses [15] and the initiation of intralaminar
failure [10,11,14]. In addition, the edge effect in the +45°
specimens is substantial both at room [10] and elevated
[14] temperatures significantly affecting the initiation of
damage and the ultimate composite strength. For exam-
ple, at room temperature the shear strength of the
12.5 mm wide *45° 8HS T650-35/PMR-15 specimens
was found to be as low 75 MPa and as high as 92
MPa for the 50 mm wide specimens [10]. At 315 °C
the edge effect was observed to be almost as strong
[14). This means that any damage initiated in the gage
section of the +45° specimens is affected by the edge ef-
fect. This also means that the edge effect needs to be
incorporated into the micro- and meso-finite element
models, which cannot be done at present.

In the Josipescu specimens, the edge effect must also

be present. Since no detailed analysis of the edge effect

in the woven graphite/polyimide Iosipescu specimens
has ever been conducted, it is impossible to evaluate

the influence of the edge effect on the strength data in

- Table 1. However, there is another highly undesirable ef-

fect which makes the monitoring of damage initiation in

. the woven Iosipescu specimens very difficult both at

room and elevated temperatures. On loading, the initia-
tion of damage does not usuvally occur in the 8HS T650-
35/PMR-15 composite in the specimen gage sections
[11]. Instead, interlaminar cracks were observed to occur
on the notch faces of the specimens due to out of plane
shear and tension stresses present in these areas (see
Fig. 13(a)). Very similar effects have been observed to
occur in the shear testing of unidirectional composites
using the Iosipescu test [34]. Instead of intralaminar fail-
ures due to shear developing in the specimen gage sec-
tions, tensile cracks have been observed to initiate
along the notches (see Fig. 13(b)) at stresses far below
those required to initiate pure shear failure. Obviously,
if AE is used to monitor the failure process in woven
Tosipescu specimens the initiation of damage outside
the specimen gage section will not be distinguished from
the failure in the gage section. Therefore, the stress data -
for initiation of intralaminar damage in the woven los-
ipescu specimens are affected by the damage occurring
outside the gage section.

It has also been shown in this research that the strain
rate effect at high temperature is strong-both in the-case
of the neat resin (Fig. 3) and its woven composite
(Fig. 8). In order to compare the two tests (Iosipescu
vs. +45°) and predict micro-failure of the composite irre-
spective of the specimen geometry, the strain rate effects
in the +45° and losipescu tests must be considered. This

~ however, could not be accomplished .without making

some questionable assumptions affecting significantly
the numerical comparison of the two tests at high tem-
perature. The numerical predictions of the micro-stres-
ses in the composite for the shear and biaxial/shear
loads at high temperature were obtained for a strain rate
of 7%/min. However, even in this case the data had to be
linearly extended following the dashed line shown in
Fig. 3, otherwise the predicted average meso-stresses
would be too low to be comparable with the macro-

- stresses at failure in Table 2. It can be immediately

woven unidirectional

) ~ \lintralaminar cracking
interlaminar cracking o

fiber orientation

Fig. 13. Locations of damage initiation in unidirectional and woven
Josipescu specimens.
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observed that the same approach could not be used for
the other two strain rates since the extension of the other
curves would be horizontal.

According to Table 1 and Fig. 11, the range of mac-
ro-stresses for the initiation of tow micro-cracking
for the Iosipescu (shear) test is 94.8 & 1.3 MPa, whereas
the range for the +45° test was 59.9 £ 1.2 MPa. Using
" the data in Fig. 3 for 0.4 and 5%/min strain rates, the
predicted macro-stresses in the composite would always
be significantly below the experimentally observed
ranges. Only the extension of the data for a strain rate
of 7%/min allowed these ranges to be approached and
exceeded. However, the assumed strain rate of 7%/min
~ differed from the strain rates of the Iosipescu and £45°
tests at 315 °C which were approximately 5%/min and
0.3%/min, respectively for an axial displacement rate
of 1 mm/min. This means that the high temperature
modeling of the +45° test did not represent the actual
testing conditions, grossly overestimating the actual mi-
cro-stresses. : .

Considering all of the above complexities and inaccu-

racies in the shear testing of woven graphite/polyimide

composites, the only approach is to compare the exper-
imental data with high quality numerical predictions.
Again, there are also serious problems on the modeling
side of the approach, as stated above, which can lead to
significant errors in the failure predictions. Therefore,
instead of comparing the actual magnitudes of micro-
stresses in-both specimens, trends in stress distributions
should be examined as a function of temperature and
loading conditions. Certainly, the micro-stress data pre-
sented in Figs. 10 and 11 and in Table 4 agree very well
with the experimental results in Table 1. Since the prin-
cipal micro-stresses in the matrix at room temperature
and at 315 °C are higher for the biaxial/shear load case
(£45°) than under in plane shear (Tosipescu), this ¢learly
‘explains why the initiation of intralaminar damage in
the Iosipescu specimens was always observed to occur
at significantly higher shear stresses than in the case of
‘the +45° test (see Table 1).

The accuracy of the micro-failure predictions can
easily be observed in the data presented in Table 4.
Since the criterion for failure of tow micro-cracking
should be the same in both specimen geometries for
a given temperature and strain rate, the maximum
principal micro-stresses for the initiation of micro-fail-
ure in the matrix between the fibers shown in this ta-
ble should also be the same, irrespective of the
assumed boundary conditions. This is however, not
the case both at room temperature and at 315 °C.
At room temperature and at 315 °C the ratios of
the micro-stresses in the matrix (maximum principal)
between the Iosipescu and #45° test are 1.29 and
1.4, respectively. In a perfectly accurate analysis the
ratios should be one. The fact that the ratios are
above one clearly shows the error in the entire com-

bined numerical/experimental failure prediction ap-
proach presented in this work. It seems that at
room temperature the dominant factor affecting the
accuracy of the prediction is the edge effect which
was not considered in the model. The uncertainty of
the experimental macro-stresses at failure in the Iosip-
escu test, as discussed above, also contributed to the
observed difference in the numerically predicted mi-
cro-strengths in Table 4. At high temperature, in addi-
tion to the above two effects, the differences in the
experimental strain rates of the losipescu and +45°
test, and the assumed strain rate in the modeling fur-
ther contributed to the overall errors in the failure
predictions. ‘

Another issue in the failure predictions is the location
of failure. If the data presented in Fig. 9 are analyzed, it
can be noticed that under external loads the maximum .
principal micro-stresses in the matrix inside the tows in-
crease much more rapidly that the stresses in the resin
rich pockets. Therefore, the tows are the regions where
the intralaminar tow micro-cracks should be observed
at first. Also, since the maximum micro-stresses were
found to be very similar in different locations inside
the tows, it can be concluded that the distribution of
tow micro-cracking in the composite should be uniform
at the initiation of damage. These predictions agree very
well with the SEM observations described in
{10,11,14,19]. ' '

6. Conclusions

Visco-elastic and elasto-plastic computations of mi-
cro- and meso-stresses in an 8HS T650-35 composite -
have been performed considering two external loading
boundary conditions simulating either in-plane pure
shear or in-plane biaxial tension in addition to shear.
An attempt was made to compare the critical loading
conditions for the initiation of intralaminar damage in
the composite subjected to the above two load cases at
room temperature and at 315 °C and to explain the
damage initiation in the composite subjected to the Ios-
ipescu and +45° tensile tests. When comparing the -
mechanical behavior of the composite subjected to the
two tests, significant experimental and numerical prob-
lems were encountered. This made the exact comparison
of the two tests less accurate with regard to damage ini-
tiation. However, the experimentally observed trends in
the micro-stresses at failure agreed well with the numer-
ical simulations both at room temperature and at
315 °C. It was also shown that the macro-response .of
the composite to shear could be accurately predicted
as a function of temperature and in-plane shear domi-
nated loads if the actual composite architecture as well
as the fiber and matrix properties are considered in the
numerical analysis.
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In this work, a methodology has been presented for the evaluation of stiffness proper-
ties and temperature-dependent coefficients of thermal expansion of continuous fibres
- from the macroscopic properties of either unidirectional or woven composites. The
methodology was used to determine the stiffness and thermal properties of T650-35
graphite fibres from the macroscopic input data of unidirectional and woven compos-
ites based on the same fibres embedded in a PMR-15 polyimide matrix. In the first
part of the analysis, the fibre properties were determined directly from the unidi-
rectional composite macro data using the inversed Eshelby-Mori—Tanaka approach.
Subsequently, certain fibre properties were additionally evaluated indirectly from the
woven composite, using the finite-element method and the concept of a representative
unit cell.

It has been shown that the temperature—dependent coefficients of thermal expan-

sion of the fibres can be estimated from the unidirectional composite macro data with .

significantly smaller errors than in the case of the elastic properties. It has also been
shown that the errors in the evaluation of the elastic properties of the fibres from
the macro unidirectional composite data could be significantly reduced if the fibres
were placed in a stiff matrix material: much stiffer than the polyimide resin. The
longitudinal and transverse coefficients of thermal expansions and the shear modu-
lus of the T650-35 fibres determined from the unidirectional composite analysis were
successfully verified by investigating the woven composite.

Keywords: graphite fibres; properties; indirect methods§ elastic constants;
coefficients of thermal expansion; Eshelby—Mori-Tanaka

1. Introduction

For the accurate determination of micro- and meso-stress distributions in composite
materials, the physical properties of their constituents must be known a priori. The
difficulties associated with the proper characterization of fibre and matrix properties
in the numerical simulations of internal micro-stresses have recently been encountered

Proc. R. Soc. Lond. A © 2004 The Royal Society
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Figure 1. Effects of Er2 and a2z on transverse meso-stress in a woven 8HS composite.

in the failure analysis of advanced unidirectional and woven graphite fibre/polyimide
matrix composite systems for aerospace applications (Rupnowski & Kumosa 2003;
Gentz et al. 2003, 2004). Since these composite systems always exhibit large residual
thermal stresses, an accurate determination of the internal stress distributions in the
composites on the micro-level is critical for the prediction of their failure properties.
Obviously, the final results of any numerical simulations of micro-stress distribution
in a composite material will be very strongly dependent on its architecture, manu-
facturing and loading conditions, and on the physical properties of its constituents.

Usually, the longitudinal properties of graphite fibres are readily available from

" fibre manufacturers. However, their transverse properties such as the transverse stiff-
ness and coefficient of thermal expansion are frequently not accessible. Good exam-
ples of this are M40J and M60J high-stiffness graphite fibres (Gentz et al. 2004).
These fibres are currently being used as the reinforcing material in high-temperature
polyimide matrix composites for certain aerospace applications (Sutter 2002). Since
these composites develop large residual stresses during manufacturing resulting, in
some cases, in tow micro-cracking (Gentz et al. 2004), the accurate determination
of their mechanical strength is critical for their successful application. This cannot
be accomplished, however, if the magnitudes and distributions of residual stresses in
the composites at different stages of manufacturing and in-service are not correctly
established. ' .

It can be easily shown, using the methods developed and presented by Rup-
nowski & Kumosa (2003), that the residual stresses in woven T650-35/PMR-15
graphite/polyimide composites on both the micro- and meso-scale clearly depend
on the elastic and thermal properties of the graphite fibres. The transverse stiffness
of the fibres Ef» and the transverse coefficient of thermal expansion azp are espe-
cially important in the residual stress analysis of these composites. However, the
published values of Egy and ags of T650-35 graphite fibres vary significantly. The
transverse stiffness of T650-35 fibres was reported to be in a range from 13.8 GPa
to 40 GPa (Wagoner & Bacon 1989; Peebles 1995; Donnet et al. 1998; Searles et al.
2001; Russell 1989; Benedikt et al. 2001a, 2002). The value of the transverse coeffi-
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cient of thermal expansion (CTE) was found to be 7.8 x 1078 °C ~! by Wagoner &
Bacon (1989) and 10.0 x 108 °C ~! by Benedikt et al. (2001, 2002). Such a large
discrepancy and uncertainty in the elastic constants of graphite fibres result in sig-
nificant problems when performing micro- or meso-stress simulations. The transverse
residual stresses in the tows of an eight-harness-satin (8HS) woven T650-35/PMR-15
composite could change by up to 30% (figure 1) when the transverse properties of
graphite fibres are varied in the range given above.

Similar difficulties have arisen in the modelling of micro- and meso-stresses in
woven composites based on the T650-35, M40J and MG0J fibres subjected to in-
plane shear-dominated loads (Gentz et al. 2004). When modelling micro-stresses due
to shear, the value of a fibre’s shear modulus G2 should also be known with high
accuracy. For T650-35 fibres, the values of Gr12 have been reported, ranging from 23.1
to 27 GPa (Wagoner & Bacon 1989; Peebles 1995; Donnet et al. 1998; Benedikt et
al. 2001a, 2002). For other ﬁbres, such as M40J and M60J, these properties are
unknown.

Generally, one can con31der direct (ASTM 1989, 2004) and indirect (e.g. Wagoner
& Bacon 1989; Kowalski 1986) methods for the evaluation of fibre’s thermal and
elastic properties. The direct methods.can be successfully employed to determine
the Ef; and agpi of graphite fibres: However, direct measurements of the transverse
or shear properties of graphite fibres can be difficult to perform due to the small
diameter of the fibres (ca. 6.8 pm for T650-35 fibres). Therefore, indirect measure- .
ments could be more feasible (Wagoner & Bacon 1989; Kowalski 1986). The indirect
evaluation of fibre properties consists firstly of obtaining the macroscopic data of the
composite and the pure matrix. Then, based on micro- and meso-mechanical mod-
els, one can extract the stiffness and CTEs of fibres. This method not only seems
plaumble ‘but also, in contrast to the direct measurements of 1nd1v1dua,1 ﬁlaments it -
gives fibre properties that are averaged over the entire specimen.

There are errors associated with all experimental measurements. Therefore, when
the macroscopic propertles of a composite, obtained, for example, by mechanical
testing, are used, it is important to verify what the magmtudes of the expenmental
errors are and how they influence the final results of the indirect method. However,
no one has attempted to perform a multi-parameter analysis of errors associated
with the determination of fibre properties from the composite macroscopic data.
The basic work in the field of determining fibre properties was done by Wagoner &
Bacon (1989). Their data were subsequently cited in many publications (for example,
Peebles 1995; Donnet et al. 1998) and the same accuracy was always used. For
example, all values of the shear moduli are given with an accuracy of 0.1 GPa, which
corresponds to 0.4% error in the case of the T650-35 fibre. However, as will be
shown further in this paper, just because of the presence of voids in the composite
(1% volume fraction), the error in the indirect evaluation of G is at least 11% in
the case of T650-35/PMR-15 composite. Thus, even a small error in the input data
will yield a large discrepancy in the output results.

Taking into consideration the substantial error sensitivity, it seems obvious that,
besides the application of an indirect technique, a detailed accuracy analysis must be
performed. In this paper, a classical error analysis based on the differentials (Taylor
1982) and Monte Carlo (Landau & Binder 2000) methods applied to the inversed
Eshelby—Mori-Tanaka model (Eshelby 1957; Mori & Tanaka 1973) will be employed
to compute the errors in the indirect evaluation of graphite fibre properties. This
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Figure 2. Young’s modulus of PMR-15 as a function of temperature. Results taken from
Benedikt et al. (2001a, 2002), based on those of Roberts et al. (1991) and Swan (1997).

approach will not only result in the error estimation, but will also indicate which
input parameters need to be measured, and how accurately, in order to obtain reli-
able information about the graphite fibres. Additionally, composites with different
matrices will be examined in order to design a composite system that is the least
sensitive to the input parameters’ errors.

2. Macroscopic input propertles

Unidirectional and woven 8HS T650-35 /PMR-15 composites were considered in this
analysis. The available macroscopic input data for the micro-analysis, namely the
elastic properties and CTEs of the composites and their PMR-15 polyimide resin
were taken from Odegard & Kumosa (2000g,b), Searles et al. (2001) and Benedikt

et al. (2001a, 2002). In addition, several other properties, not available i in the open
literature, were measured in thls study.

{(a) PMR—15 polyimide resin ‘

PMR-15 is a thermoset polyimide resin for high-temperature applications with a
glass transition temperature of ca. 345 °C. Swan (1997) determined the stress—strain
response of PMR-15 for three temperatures (27, 315 and 343 °C) at a constant strain
rate of 4.5% min™}. Roberts et ‘al. (1991) performed more detailed studies of the
viscoelastic properties of the resin in the temperature range from 288 to 343 °C.
Based on the data presented by Roberts et al. (1991) and Swan (1997), Benedikt
et al. (2001a, 2002, 2004) proposed a viscoelastic formula for the shear modulus of
PMR-15 as a function of time and temperature Gy, (¢, T') of PMR-15 for temperatures
ranging from room temperature to 348 °C, according to equations (2.1).

Gm(t) T) = Gm(é.;Tref% » (21 a)
Grn(t, Teet) = 10(XP(0-16(~ log(t+0.001)+6.5)0'5)'1'7-5), ' (2.1b)
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Figure 3. Thermal expansion coefficient of PMR-15 as a function
of temperature from three specimens.

where

todr ,
&) = /0 POk (2.1¢)
an(T) = 10exp(0.41(-—-T+348)°‘28—4.3)’ (2.14d)

with Trer = 288 °C. Using the above equation and assuming that the Poisson ratio
for PMR-15 is constant (0.36), the range of the effective Young modulus Fy, could
be derived for any given temperature and time (figure 2 and table 1).. The range
of values of E,, obtained by changing time ¢ from 5 to 50 s was considered in the
error analysis as an uncertainty of the Young modulus. It should be stated that
equation (2.1b) is only valid for ¢ ranging from 0 to 1085 s

The temperature-dependent CTEs of neat PMR-15 at dlﬁerent temperatures were
measured in this study using a Netzsch DIL 402C dilatometer. The same technique
was used later on to determine the temperature-dependent CTEs of the unidirec-
tional and woven composites both in and out of plane. All samples were dried before
testing in vacuum at 110 °C for 24 h.

Three tests were performed on three different neat resin spec1mens All three curves
am(T') were very similar (see figure 3) and could be described by

om = a?(T +273.15 °C)[1 — 0.809aT —258(aT")® + 21828(aT)%}, (2.2)

where a = 3.64 x 1074 °C 1.

It is important to empha,sme that the above approx1mat1on is accurate only from 25
to 315 °C and that in this range the discrepancy between different spec1mens is
ca. Aam = 6 x 1078 °C 1, :

i

(b) Unidirectional T650-85/PMR-15 composite

The elastic properties of a unidirectional T650-35/PMR-15 composite at room
temperature and elevated temperatures were measured by Odegard & Kumosa
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Figure 4. Longitudinal thermal expansion coefficient of unidirectional T650-35/PMR-15
composite as a function of temperature from three specimens.
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Figure 5. Transverse thermal expansion coefficient of unidirectional T650-35/PMR-15
composite as a function of temperature from three specimens.

(2000a). The tensile modulus along the fibres, F.11, transverse modulus, F22, Pois-
son ratio along the fibres, v.12, transverse Poisson ratio, ve23, and the shear modulus,
G122, were obtained at four different temperatures. For each temperature, either two
or three specimens were tested with a displacement rate of 0.5 mm min—!. In some
cases, significant scatter in the elastic constants was observed. Due to the small num-
~ ber of tests, a proper evaluation of the scatter could not be performed. The elastic
properties are presented in table 2, where A is the difference between the largest and
smallest values of the properties at each temperature.
The longitudinal and transverse CTEs of the unidirectional composite were mea-
sured at temperatures ranging from —50 °C to 350 °C using three specimens for each
fibre orientation (see figures 4 and 5). The largest differences between the measure-
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ments were ca.0.75 x 1078 °C ~! for ag1, and 3.5 x 1078 °C ~1 for acgs, respectively.
The average values of the coefficients were used in subsequent calculations.

(¢) 8HS T650-85/PMR-15 woven composite

For the woven 8HS T650-35/PMR-15 system the shear modulus G¢i2 at room
temperature was taken to be 5.5+0.5 GPa (Kumosa et al. 2002), whereas the values
of Ec11 = Fcoo and vz were taken to be 76.9+6.2 GPa and 0.08+0.03, respectively,
following Searles et al. (2001).

The in-plane (figure 6) and out-of-plane (figure 7) coefficients of thermal expansion
of the woven composite as a function of temperature were measured in this study.
The data shown in figure 6 were obtained from five specimens, whereas in the case of
the out-of-plane CTE (figure 7) only three specimens were tested. It was found that
the thermal expansion of the woven system in the out-of-plane direction was very
similar to the behaviour of the neat PMR-15 resin and to the transverse response
of the unidirectional composite. However, the in-plane CTE of the woven composite
was dominated by the stiff fibres and therefore was much smaller than the out-of-
plane CTE. The in-plane thermal expansion of the woven system was significantly
larger than the expansion of the unidirectional composite along the fibres. It was also
noted that both woven and unidirectional composite CTEs along the fibres exhibited
temperature dependence.

3. Numerical procedures

Graphite fibres are anisotropic materials which can be described by five independent
" elastic constants, namely Ef1, Erg, vn2, vps and G and two CTEs (o7 and
ap2). There are a few significant differences between the analysis of unidirectional

Proc. R. Soc. Lond. A (2004)
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Figure 7. Out-of-plane coefficient of thermal expansion of 8HS T650-35 /PMR-15
composite as a function of temperature from three specimens.

and woven systems. In the first case, a few analytical micro-mechanical models are
available (e.g. Chamis 1984; Hashin 1979; Eshelby 1957; Mori & Tanaka 1973), which
allow the expression of the macroscopic data of a unidirectional composite in terms
of the properties of its constituents. Therefore, it is relatively easy to invert these
equations and express the fibres’ properties in terms of the macroscopic data of
the composite and its neat resin. Another advantage of the exact, analytical micro-
models of unidirectional composites is that a multi-parameter error analysis can be
carried out using well-known differential (Taylor 1982) or Monte Carlo (Landau &
Binder 2000) methods. '

Contrary to the models for unidirectional composites, there are no available accu-
rate, analytical models for woven composites. Therefore, numerical approximation
must be used in order to derive the properties of a woven composite from the proper-
ties of its components, using, for example, finite-element (FE) techniques. The main

- disadvantages of the numerical micro/meso models for woven composites are that
they cannot be inverted (from macro to micro) and the preparation of FE representa-
tions of woven composites is usually very time consuming. Due to these limitations,
in this work the analyses of the woven system were used for one-parameter estima-
tion only and for verification of the results that were obtained from the unidirectional
system. . -

(a) Ewaluation of fibre elastic properties from unidirectional composite

In this work, the approach taken by Eshelby (1957) and Mori & Tanaka (1973)
was chosen to evaluate the fibre stiffness properties from the elastic properties of
the unidirectional composite. It has been shown recently by Benedikt et al. (2003)
that, in spite of the fact that the Eshelby-Mori-Tanaka model assumes uniform
stress inside ellipsoidal inclusions, it agrees with the FE approach. In particular, it
was found that the stiffness of an FE hexagonal unit cell was almost the same as
the prediction from the Eshelby model with the Mori-Tanaka extension even when
the volume fraction of fibres was very high (e.g. 70%). Secondly, contrary to FE or

Proc. R. Soc. Lond. A (2004)
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. Table 1. Young’s modulus of PMR-15 as a function of temperature
(After Benedikt et al. (2001a, 2002) based on Roberts et al. (1991) and Swan (1997).)

resin properties

temperature -~

(°0) Em (GPa) AEmn (GPa (%))

21 3.36-3.57 0.21 (6)
121 2.90-3.20 0.3 (10)
204 2.51-2.79 0.28 (11)
260 2.23-2.50 0.27 (11)
315 1.90-2.15 0.25 (12)

iterative methods, the Eshelby approach is an entirely analytical model and therefore
can be inverted, and the error analysis can be easily performed.

The Eshelby-Mori-Tanaka equation that expresses the stiffness matrix of a com-
posite C; in terms of the stiffness matrices of fibres Cf and matrix Cp, can be found,
for example, in Hull & Clyne (1996). The inversion of this expression, so that the
stiffness matrix of fibres Cf can be evaluated, results in the formula

-1
Ce= [(-}-—1) m(I—S)(C,;l—GJ‘)H] [O,;l —(S—fv(S—I))(O;‘—Csl)H ,
v . v

, (3.1)

- where S is the Eshelby tensor in the matrix form, I denotes a 6 x 6 unity matrix and

fv stands for the volume fraction of fibres. Assumlng that the composite and fibres

are transversely isotropic, then their stiffness matrices that appear in formula (3.1)
are related to the five independent engineering elastic constants by

4 -1

-E'l—ll —’U12/E11‘ —‘012/E11 0 0 0
i E2_21 —Ua3 / FEsy 0 0 0
E;} 0 0 0
C= o 20+ws) 4 (3.2)
Eo ,
sym. G 0
L ' G—zl_

The other important parameter that appears in equation (3.1) is the volume fraction
of fibres f,. In the unidirectional graphite/PMR-15 composité this parameter was .
measured by the acid digestion test (Benedikt et al. 2001b), and the average value
of 53% was obtained. The void content was found to be less than 2% (Benedikt et
al. 2001b). In the analysis presented in this paper, the effect of voids will be taken
into account by varying the volume fraction of fibres in the range 52-54%.

Monte Carlo simulations, based on the inverse Eshelby-Mori—-Tanaka model (equa-
tion (3.1)), were performed to obtain the elastic properties of T650-35 fibres for five
specific temperatures (21, 121, 204, 260 and 315 °C). Each simulation consisted of

10° calculation steps. During each step, the input data (i.e. the elastic constants of
the unidirectional composite and neat resin, and the volume fraction of fibres) were
randomly chosen from the range defined by the assumed error ranges. The specific

Proc. R. Soc. Lond. A (2004)
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Table 2. E‘la,stzc properties of unidirectional T650-85/PMR-15 composite
from Odegard & Kumosa (2000a)

composite properties

temperature - %
(°C) Eca (GPa) Ec22 (GPa) Ve12 Gaz (GPa)

21 134.4-137.8 9.2-9.6 0.40-0.42 5.3-7.8
A =34 (3%) A =04 (4%) A =0.02 (5%) A =25 (38%)

121 137.4-137.7 7.0-74 : 0.42-0.51 3.5-3.8
A=03(0.2%) A=04(T%) A=0.09(20%) A =0.3 (8%)

204 125.8-135.8 6.9-7.5 0.38-0.43 - 2429
A =10 (8%) A=06(8%) A=005(12%) A=0.5(18%)

260 119.9-136.7 5.0-5.9 0.42-0.54 1.2-2.2
A=17 (14%) A=09(17%) A =012 (25%) A =10 (58%)

315 120.0-123.0 6.0-7.0 0.43- 0.58 0.6-2.4

A=30(3%) A=10(15%) A=015(30%) A=18(120%)

values of error for each property were discussed above and are shown in tables 1 and 2.
When the random process was executed, it was assumed that the probability is uni- .
form in the given range. For example, according to table 2, the transverse Young’s
modulus Ecpp of the unidirectional composite at 21 °C was randomly drawn from .
the range 9.2-9.6 GPa, and the probability of drawing any number in this range was
the same. Next, for the drawn set of input data, the inverse Eshelby-Mori-Tanaka
equation (3.1) was applied. Finally, the obtained results of the calculations led to the
probability density function and cumulative probability densxty for all five unknown
elastic constants of the T650-35 fibres.

(b) EBwaluation of fibre CTE from unidirectional composite

For the calculations of micro- or meso-residual stresses in unidirectional and woven
composites, it is important to know the CTEs of the fibres. In the case of graphite
fibres the longitudinal and transverse CTEs (a3 and ag2) can potentially be a
function of temperature. In this section, a methodology for extracting as11 and ago
from the macroscopic properties of a unidirectional graphite composite is presented.

Using the Eshelby—-Mori-Tanaka model, the CTEs of the fibres were determined
employing the following formula: '

of(T) = %;Cf_l[(Cm(T)"'Cf)(S_fv(S'—I))_Cm(T)](am(T)_O‘C(T))'I'C\‘m(T)a (3.3)

where of, am and a. denote the column vectors of the CTEs for the fibres, matrix
and composite, respectively. The above equation was obtained by the inversion of
the well-known formula published, for example, in Hull & Clyne (1996). According
to equation (3.3), in order to find the thermal expansion coeflicients of a fibre oy,
the stiffness matrices of that fibre and the neat resin must be known.

Thus, it can be seen that there are many input parameters involved in equa-
tion (3. 3), and each of them is not exactly known. The uncertainties of the input
data may consequently result in substantial errors in the output value of ag. In
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Figure 8. Three-dimensional FE representation of 8HS unit cell.
Resin pockets are not shown in this figure.

this work, the average values of the fibre’s CTEs and their errors were obtained by
employing equation (3.3) and the Monte Carlo simulations. The analyses of a; were
performed for temperatures ranging from room temperature to ca.315°C in 2 °C
increments. For each temperature increment, the maximum and minimum values of
the fibres’ CTEs were determined.

(¢) Ewaluation of fibre elastic properties from woven composite

The properties of graphite fibres can also be hypothetically obtained from macro-
properties of woven composites. In order to do this, micro- and meso-scale models
are required that relate the properties of the fibres to the macro-properties of the
-composites. There are many semi-analytical models available in the literature (e.g.
Ishikawa & Chou 1983; Walsh & Ochoa 1996; Naik & Ganesh 1996; Naik 1995) that
can be used to predict the stiffness of woven composite systems. All of them are
based on the concept of a unit cell in which the stress and/or strain distribution are
assumed in advance (usually it is constant stress or strain). It seems that the most
accurate results can be obtained from the FE model of a unit cell representing a
woven composite, since in such a model it is not necessary to assume in advance any
strain and stress distributions.

A three-dimensional FE representation of an 8-harness satin (8HS) unit cell was
prepared (figure 8) to investigate the effect of fibre properties on the elastic response
of the woven composite (Rupnowski & Kumosa 2003). For any given set of fibre
elastic properties, the FE representation allowed for the calculations of the following
iridependent elastic constants of the woven composite: Fe11, Ecss, Ge12, Vei2 and
Va1 (where ‘3’ denotes the out-of-plane direction). The results obtained could be
subsequently compared with the experimental results for the 8HS T650-35/PMR-15
composite. Due to the limited available experimental data, the prediction of fibre
properties could be based only on the in-plane properties of the composite.

As already stated, a FE model is not as comfortable to work with as an analytical
one. In particular, it works only in one direction: it allows us to find the properties
of the woven composite from the properties of its constituents (fibres and resin), i.e.

CBHS = f(ofs Cm’ f\” a’)’ (34)
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where Cgng is the stiffness of the 8HS woven composite, f, is the volume fraction
of fibres inside the tows, a stands for all necessary geometric parameters, and Ct
represents five unknown elastic constants of the fibres. The opposite approach is not
possible because the FE method is not able to provide the properties of the fibres
(or tows) when the information about the matrix and woven composite is given In
other words, the FE model cannot be inverted, since it does not provide f ~* in the
relation

Ct=f"(Csts, Camy frr@). (3.5)

Therefore, in order to obtain f~! other techniques, such as, for example, optimization

- or Monte Carlo, need to be employed. Noting that it was necessary to deal with a five-
dimensional space (five parameters are unknown) and assuming that optimization
will require 10 simulations per one unknown parameter it can be shown that this
gives 10° combinations. Thus, a full multi-dimensional FE analysis would take an
unrealistic amount of time.

After taking into consideration the fact that not all elastic constants of the 8HS
graphite/PMR-15 woven system are known, and that the multi-parameter FE simu-
lations are very time consuming, the following simplified approach was used in this
work. It is reasonable to assume that the in-plane Young modulus of a woven compos-
ite Ec31 depends mainly on the unknown longitudinal and transverse Young moduli
of the fibres (Es1 and Efs), whereas the effect of the other elastic constants of the
fibres can be neglected, i.e.

Ecll e f(Cf7 Cm’fvya) zg(EfllyEﬂza Om;fv;a)' | (36)

For the T650-35 fibres, the value of Efq is well known as it can be easily measured.
Therefore, we can reduce our problem to a one-dimensional analysis with the relatlon
E.1 = h(Ef‘zz), which can be simply inverted in order to obtain Egg. -

. Likewise, we can assume that Gc;2 is mainly a function of G2, Cn, fv and a,
whereas the contribution of the other fibre elastic constants, namely Ffi, Fro,
vg1z and vpas, is very small. Thus, again we need to deal with only one parameter
relation, which after inversion can potentially provide a good approximation of the
shear modulus of the ﬁbres assuming that the shear modulus of the woven composite
is given.

(d) Evaluation of CTEs of 8HS T650—35/PMR-15 woven composite

The FE model shown in figure 8 can also be used to predict the thermal response
of the 8HS T650-35/PMR-15 composite and in particular its CTEs. By changing
temperature, the model can predict the thermal strains and, consequently, by dif-
ferentiating with respect to temperature, the thermal expansion coefficients can be

calculated. In other words it can be said that the FE model of the 8HS system
provides a numerical relation in the form of

00(T) = §(Ca(T), Cr,04(T), in(T), a). @)

Ideally, this relation should be inverted to obtain a; as a function of temperature
T. However, it should be remembered that full multi-parameter FE method/Monte
Carlo simulations are feasible but very time consuming. Therefore, after taking into
consideration the time limitation, the FE thermal model was used in this work to
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Figure 9. Probability distribution (thick lines) and cumulative distribution functions (thin lines)
of calculated elastic properties of T650-35 fibres at five different temperatures: (a) longitudinal
Young’s modulus Eg1; (b) transverse Young’s modulus Er2; (c) longitudinal Poisson’s ratio v12;
(d) transverse Poisson’s ratio vps; (e) longitudinal shear modulus Grz.

verify whether the fibre thermal properties estimated from the unidirectional com-
posite were accurate. The verification consisted of comparing the experimental data
with the numerically predicted response of the woven system.

4. Results and discussion
(a) Fibre properties determined from unidirectional composite '

The probability distribution and cumulative distribution functions of the calculated
elastic properties for the T650-35 fibres at five different temperatures are shown in
figure 9. In this figure, the vertical thick lines represent the probability distribution
functions (PDFs) of the resultant elastic properties of the fibres. In each case, the
probability is zero for very small and very large values of a given fibre property. The
peaks in the middle of the PDF line correspond to the range where the actual value
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Figure 10. Determination of as1; from thermal properties
of T650-35/PMR-15 unidirectional composite.

of a specific property is expected. In figure 9 the cumulative distribution functions
(CDFs) are also presented. For example, in figure 9a, the thin CDF lines denoted as
0% and 100% form a region containing all calculated values of Fip ;.

The data presented in figure 9a clearly shows that the longitudinal Young modulus
of fibres, E4 1, is somewhere between 230 and 260 GPa. According to figure 9b, Egop
could be greater than 12 GPa if the results for 315 °C are excluded. The upper limit
of Epy is not well defined in figure 9b, since values even larger than 60 GPa could be
found. It should be noted that the data for Ef;; are much more difficult to interpret
than the Ef1 case. The PDF peaks representing the distribution of Epp are very
wide at temperatures 21, 204 and 315 °C. The other problem is that the positions of
the PDF peaks in figure 9b are not temperature independent. Therefore, in this'case
the most probable value of Ef;; could not be accurately determined. This could be
caused by systematic and/or random experlmental errors in the input data, especially

"at high temperatures.

As illustrated in figure 9¢ the longitudinal Poisson ratio, g5, was found to be
between 0.4 and 0.8. However, if only the more credible, low temperature (21-204 °C)
data are taken into account, then the possible region of v becomes 0.4-0.6. Fig-
ure 9d clearly shows that the transverse Poisson ratio g3 could not be determined.
This was expected, since no value of the corresponding transverse Poisson ratio of
the composite 193 could be found in the literature and used as the input data.

The predicted values of the longitudinal shear modulus Gy of the fibres are
depicted in figure 9e. According to the PDF line at 21 °C, only negative values
of G2 were obtained from the Monte Carlo simulation. This questionable result
suggests that there must be a substantial, systematic error in the input data. Most
probably the shear modulus used for the unidirectional composite, G132, as measured
by Odegard & Kumosa (2000a) was significantly overestimated. For the same reasons,
the calculations of Gpo at 121 °C and for higher temperatures could not give any
reliable estimates.
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Figure 11. Determination of asg from thermal-properties
of T650-35/PMR-15 unidirectional composite.

The estimated thermal expansion coefficients of the fibres are shown in figures 10
and 11 as a function of temperature. The range between the curves in figures 10
and 11 corresponding to the minimal and maximal values is the location where
the most probable values are expected. Using a regression technique, the best fit
was estimated for the calculated data. In the case of a2, a constant, temperature-
independent value equal to 14.8x 1078 °C~! was found (figure 11). In the case of an1,
it was not possible to find a constant value that would stay between the maximum
and minimum curves for all considered temperatures. Thus, contrary to the previous
case, a linear dependence had to be assumed and the best—ﬁt approximation resulted

© in the empirical relation

o1 = 9.07 x 10797 — 1.68 x 1078, (4.1)

which is valid from room temperature to 315 °C. In this formula the umts of T'and
agpq are °C and °C ~1, respectively. .

The distance between the maximum and minimum values in figures 10 and 11
constitutes the uncertainty of the calculated CTEs of the T650-35 fibre. It can be
seen that the errors of the calculated CTEs that stem from the uncertainties in the
input parameters are approximately equal to 0.9 x 1076 and 13 x 1078 °C 1 for a3
and afpz, respectively. It is also interesting to note that these error values were found
to be practically temperature independent.

The transverse coefficient of thermal expansion, as2, of the T650-35 graphite fibres
was found to be essentially independent of temperature, if the data presented in
figure 11 are examined. However, the longitudinal coefficient, a1, seems to be quite
strongly dependent on temperature. It can be seen in figure 10 that the predicted
vales of agi; range from —1.5 x 1076 °C ~? to almost 2.0 x 1078 °C ~1. The fact that
the predicted values of as1 were found to significantly change with temperature
cannot be blamed on the accuracy of the analysis performed. Therefore, the effect
observed in figure 10 is mostly likely physically possible. This would also agree with
the observations made by Wolff (1987) regarding the change in axial thermal strains
of T50 fibres, indicating that as; for graphite fibres could be strongly temperature
dependent.
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Figure 13. In-plane shear modulus of 8HS unit cell and tows as a function of Go.

(b) Fibre properties from woven composite

The stiffness of the woven composite was also numerically simulated at room tem-
perature as a function of the elastic properties of the fibres. Subsequently, the pre-
* dicted stiffness of the composite was compared with the experimental results to
independently verify the stiffness of the T'650-35 fibres determined from the unidi-
rectional composite analysis. The obtained results are shown in figures 12 and 13. Due
to the limitations discussed in § 3¢, d, only one-parameter analyses were performed
for the in-plane Young modulus Eq; = Eco (figure 12) and for the in plane shear
modulus Gey2 (figure 13) of the woven composite. These properties were numerically
predicted as a function of Egp and Gga of the fibres. In addition, the predicted
transverse stiffness and the longitudinal shear modulus of the unidirectional T650-
35/PMR-15 tows calculated from equation (3.1), and the experimental data (Searles
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Figure 14. Numerical and experimental in-plane CTEs for 8HS
T650-35/PMR-15 composite as a function of temperature.

et al. 2001; Kumosa et al. 2002) with error bars for the woven composite are shown
in figures 12 and 13. _

It can be seen in figure 12 that the transverse tensile modulus of graphite fibres
cannot be accurately predicted from the analysis of the in-plane stiffness properties
of woven systems. For a wide range of Epo values, the calculated in-plane Young
modulus of an 8HS composite based on PMR-15 was only weakly dependent on the
fibre property (figure 12). This of course also applies to the T650-35 fibres investi-
gated in this study. However, the longitudinal shear modulus of the fibres can be
quite accurately predicted if the experimental errors in the macroscopic shear modu-
. lus measurements are sufficiently small, significantly smaller than for the data shown
in figure 13. Nevertheless, even for the large scatter in the experimental macro-data
shown in figure 13, the predicted longitudinal modulus of the T650-35 fibres cannot
. be smaller than 20 GPa, which agrees very well with Wagoner & Bacon (1989).

The study performed on the unidirectional composite allowed for the evaluation of
the thermal expansion coefficients for the T650-35 graphite fibres (os11 and ag). For
the purpose of an additional verification, these values were subsequently employed in
the FE model of the 8HS unit cell to find out if the prediction of the model matches
the measured thermal behaviour of the T650-35/PMR15 woven composite. Both
the measured and numerically predicted CTEs of the woven system are depicted in
figures 14 and 15.

The results shown in figures 14 and 15 for the woven composites were obtained from
the unit cell with the PMR-15 matrix behaving according to equations (2.1a)—(2.1d).
This was done to evaluate the effect of matrix viscoelasticity on the calculations
performed for time ¢ values of either 0 or 10°%s. No effect of matrix viscoelasticity
~can be seen in figure 15 for the out-of-plane thermal expansion of the composites.
_ However, this effect is visible in the data presented in figure 14 for the in-plane
expansion. Most importantly, the experimental data are either between the numerical
data. calculated for t = 0s and ¢t = 10%s (see figure 14) or very close to both of
" them (figure 15). The data presented in figure 14 and 15 clearly show that the
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Figure 15. Numerical and experimental out-of-plane CTEs for 8HS
T650-35/PMR-15 composite as a function of temperature.

thermal expansion coefficients of the T650-35 ﬁbres were correctly determined in the
unidirectional composite analysis.

¢) Error analysis and optimization of the indirect technique
Y
for a unidirectional composite system

- It has been shown above that the errors related to the indirect calculations of the
fibre elastic properties can be very large in some cases. Therefore, it is important
to ascertain the correlation between the errors of the input and output parameters
for a unidirectional composite system. It is also important to determine which input
data influence the accuracy of the obtained micro-results the most. To answer these
questions, a one-parameter study, based on equation (3.1), was performed. At first,
the average values of all input parameters were assumed (see the first column in
table 3) for the elastic properties of matrix (Em,vm) and unidirectional compos-
ite (Ec11, Ee22, Vc12, U2, Ge12) and for the volume fraction of fibres f,. The input
parameters were assumed to be of the unidirectional T'650-35 fibre composite and its
PMR-15 resin. Subsequently, using the inverse Eshelby—Mori-Tanaka model (equa-
tion (3.1)), the variations in the fibres’ properties (outputs) were investigated when
only one of the input parameters was changed by 2.5, £5 and +10% around the
average value. The other input parameters were kept constant at the same time. The
resulting correlation matrix is presented in table 3.

The obtained data clearly show that the errors of the calculated elastic constants of
fibres are very high in some cases. For example, only a £2.5% variation of f, (volume
fraction of fibres) results in a £27% uncertainty of the G2 estimates. This means
that the relative error, in this case, is increased more than ten times. In addition
to fy, the calculated value of Gyi2 is also strongly related to the matrix properties
(Em and vy) and to the longitudinal shear modulus of the composite. For all these
parameters the output error is much higher than the error in the input data. From
table 3 one can also observe that in order to predict the transverse Young modulus

Proc. R. Soc. Lond. A (2004)




Properties of graphite fibres 03PA0242/19

Table 3. Error correlations in the computation of elastic properties of T650-85 graphite fibres

changes (+) in output parameters (%)

change (£) -
input in input B Exo Uiz Vg3 Gz Grs
parameter parameter (%) 241GPa 20GPa 0.2 04 27GPa  7.1GPa

Em 2.5 — 7.5 0 05 18 6.5
3.64 GPa 5 — 13 0.5 1.5 42 13
10 —_ 28 1 3 190 29
Ym 2.5 — 3 4 14 4.5 1
0.36 5 — 6.5 8 28 9 1.5
10 —_ 12 17 55 19 3
Ecll 2.5 2.5 —_ —_ 0 — —
129 GPa 5 5 |- — 05 - —
10 10 — — 0.5 —_ —_
Eco2 2.5 —_ 9 o 0 0.5 -_ 9
8.1 GPa 5 — 18 0.5 r . — 18
10 —_ 37 1 2.5 — 37
V12 2.5 bt — 6 0 J— —
0.27 5 — —_ 11 0.5 — —
: 10 - — —_ 23 0.5 —_— —
Ve23 2.5 —_— 0.5 0 11 —_ 3
0.49 5 —_ 1 0.5 23 _ 6
10 — 1.5 1 47 —_ 12 ‘
Ga2 2.5 — —_— - = 21 —
3.81 GPa 5 — — — —_— 46 —
10 — C— - _ 155 —_—
fv 2.5 : 2.5 7 1.5 2 : 27 7.5
0.52 "5 ) 5 14 3.5 4.5 69 15
10 10 30 7 9.5 1140 34

of fibres, Efp, the values of Ecop, En, U and f, must be measured accurately,
since when these input constants vary by +2.5% then the uncertainty of the output
value, Egoz, becomes £9, £7.5, £3 and 7%, respectively. This observation becomes
even more important if we realize that the total output error will be £14% (Taylor
1982) when the discrepancies of all individual input data are taken into account
simultaneously. :
It should also be emphasized that the components of the correlation matrix
" (table 3) depend on the assumed average elastic properties of the composite and
its matrix, and on the volume fraction of fibres. Naturally, it is possible that a com-
posite system with different initial macro-data could be less sensitive to the errors
of the input parameters. It can be observed in table 3 that, due to the high error
sensitivity, in order to obtain the stiffness properties of the T650-35 graphite fibres
from the unidirectional graphite/PMR-15 system, the initial macro-data need to be
measured very accurately. Therefore, it might be interesting to reverse the problem
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and determine whether it is possible to design a composite system that will be signif-
icantly less sensitive to the measurement errors, and that will allow a more accurate
prediction of the graphite fibre properties. The only feasible method to design a
more suitable system is to change either the matrix or the volume fraction of fibres,
or both of them. The effect of the volume fraction of fibres on the determination
of fibre properties is easy to deduce. It is believed that the larger the number of
fibres in a composite, the easier it is to measure the fibre properties. Therefore, only
high-quality (low-void-content) composite systems with the highest possible volume
fractions of fibres should be used to perform indirect calculations of fibre elastic and
thermal properties from the macro-data. In this work, an effort was made to verify
whether the calculated errors could be minimized by increasing the matrix Young’s
modulus Fp,.

From equations (3.1) and (3.2), it can be inferred that F' = F(Ew, vm, C, fv) where
F and C denote five independent elastic constants of fibres and a unidirectional
composite, respectively. Then, assuming input errors are small and independent, the
relative error of the output parameter can be calculated using (Taylor 1982):

100%
2 /o 1/2
)+ (G}

6Fi = TAF‘L
(4.2)

S (38 g Y () o 33(28

The above equation expresses the uncertainty of the fibre elastic constant § F; in terms
of Exm, Vm, C and fy, provided that all measurement errors (AEn, Avy, ACk, Af)
are known. However, C can be evaluated as a function of F, Eq,, vy, and f,. Conse-
quently, the errors of the fibre elastic constants §F; become dependent only on the
matrix stiffness Ep, if we assume that vy, F' and f, are known. This process can be
summarized by the following expression:

0F; = 6Fi(Em,'UmaC, fv) = 5Fi(Em,UmaO(F’ Em,vm),fv)
= 0F;(Em,vm, F, fv) = 5F¢(Em). (4.3)

Figure 16 shows the results of the calculations based on equation ' (4.3) for AE;; =
AEczz = AG’clg = AGcgs = AEm = AGm = 0.1 GPa, Avcu = A’chg = Avm =
0.01, Af, = 0.01 and for the elastic constants of the fibres taken from the first row of
table 3. Based on the results depicted in figure 16, it can be concluded that, for low
stiffness matrices, such as PMR-15, the errors of the evaluated fibre properties, Fo,
Gri2 and Geg are very high. They can be substantially reduced, however, if a stiff
matrix is used to fabricate a unidirectional graphite fibre composite. The resultant
errors would be much smaller if a matrix with a Young modulus of at least 18 GPa
is used. According to figure 16, the optimal condition for the measurement of iy,
and Gg o of the T650-35 fibres would be a unidirectional T650-35 fibre composite
with the matrix stiffness of 22 GPa for the tensile modulus and 66 GPa for the shear
modulus.

The methodology presented in this work can be used not only to estimate cer-
tain physical properties of long fibres from the macro-properties of unidirectional
or woven composites. It can also be used to evaluate errors and their significance in
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Figure 16. Errors of the indirect measurements of fibre properties
as a function of the matrix Young modulus.

the experimentally determined macroscopic properties of the composites. Such errors
always exist, especially in high-temperature research on graphite/polyimide compos-
ite materials (Odegard & Kumosa 2000a; Gentz et al. 2003). A good example of
these errors is to be found in the high-temperature data of the unidirectional T650-
35/PMR—15 composite (Odegard & Kumosa 2000a). The importance of the errors
in the design process might not be significant. However, when the data are used to
extract the micro-fibre properties the errors in the macro-data of the composites
suddenly become very significant.

5. Conclusions

A combined experimental/analytical methodology, baséd on the Eshelby-Mori-
Tanaka model, was used to determine the elastic properties of T650-35 fibres from
the macroscopic elastic properties of a unidirectional T650-35/PMR-15 composite
for temperatures ranging from 25 to 315 °C. It was shown, by employing the Monte
Carlo simulation, that this method is very sensitive to the experimental errors in the

" macroscopic input data. The temperature-dependent CTEs of the T650-35 graphite
fibres were also evaluated from the macro-data for the unidirectional composite as a
function of temperature. Contrary to the elastic constants, much smaller errors were
determined in the case of the thermal properties of the T650-35 fibres.

It has been shown, based on the FE modelling of an 8HS woven composite and
the in-plane expenmental data of this system, that it is impossible to predict the
transverse stiffness of the T650-35 fibres. In contrast, the longitudinal shear modulus
of the fibres can be evaluated from the woven composite, provided that the in-plane
shear modulus of the composite is measured with high accuracy. The FE modelling
of the woven composite was found to be very useful in verifying the results obtained
from the analysis of the unidirectional system.

The errors of indirect determination of the transverse and shear moduh of graphite
fibres from the properties of a unidirectional composite are very high when the com-
posite is based on a low modulus polymer resin such as PMR-15. In order to minimize
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these errors, the macro-properties of the composite must be measured with greater
accuracy or the matrix must be replaced with a much stiffer material.
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Abstract

In this work, the elastic properties and coefficients of thermal expansion of T650-35,
M40J and M60J graphite fibers were determined from the macroscopic properties of
either unidirectional and/or woven compésites of these fibers embedded in polyimide
resins. The T650-35 fibers were embedded in a PMR-15 matrix, whereas the M40J and
M60J fibers were embedded in a PMR-II-50 polyimide. The thi'ee-component oscillator
resonance method was employed to determine the elastic properties of the unidirectional
and woven composites and their neat resins. The macroscopic coefficients of thermal
expansion of the composites and the neat resins were measured by length dilatometry.
Subsequently, the fiber properties were calculated from the unidirectional composite
macro-data using fhe Eshelby/Mori-Tanaka approach. For the woven composites, a finite
elemeﬁt approach based on the concept of a representative volume element was employed
to determine the elastic and thermal properties of the fibers. In the case of the T650-35
fibers, both the longitudinal and transverse elastic and thermal properties of the fibers

determined from the unidirectional and woven composites agreed very well with each




other. waever, for the M40]J fibers, noticeable differences were observed between the
fiber properties determined from the unidirectional and woven system, which was
attributed to the lack of transverse isotropy of the unidirectional system. Since the
properties of the M60J fibers were evaluated only from the woven system no direct
comparison could be made between the properties obtained from the unidirectional and
'wolven composite architectures. Overall, the methodology was shown to be highly
applicable for the accurate determination of fiber properties from both unidirectional and

woven systems.
1. Introduction

For the accurate determination of internal stress distributions in advanced composite
systems, the elastic and thermal properties of their constituents must be known. This is
especially true in the case of high temperature graphite/polyimide composites [1-22].
Since these composites are manufactured at relatively high temperatures, large residual
stresses can exist in the composites after manufacturing due to the mismatch in the
thermal expansion coefficients and the elastic properties of the graphite fibers and
polyimide resins [8,9,12,14,15,18,19,20,22]. In some cases, multiple transverse micro
cracking in the tows of woven graphite/polyimide composites can occur as a result of the
high residual thermal stresses (Figure 1) [18]. In order to predict the critical stress
conditions of tow micro cracking in the composites one needs to know the elastic and

thermal properties of the fibers as well as those of neat polyimide resins.

To describe the mechanical and thermal behavior of graphite fibers, five elastic and two
thermal constants must be measured. The .longitudinal Young’s modulus and longitudinal
coefficient of thermal expansion can be directly determined by performing standard tests

on a single filament or strand. The other fiber properties, such as the transverse Young’s

and longitudinal shear moduli, can be obtained by indirect methods [23-26].




In recent work, the elastic properties of T650-35 fibers were evaluated indirectly from the

macroscopic elastic properties of a unidirectional T650-35/PMR-15 composite for

temperatures ranging from 25°C to 315°C and then numerically and experimentally

verified in a woven system based on the same fibers and polyimide resin [21]. It was
shown however that when the fiber mechanical properties were determined from the

composite properties obtained by conventional mechanical tests, the final results were

strongly dependent on the experimental errors in the macroscopic input data. However, -

the estimates of the thermal fiber properties were found to be significantly less dependent

on the accuracy of the macro-data of the composite.

In this work, an improved version of the combined analytical and numerical procedure
that had been developed and presented in Ref. 21 was used to evaluate the elastic and
thermal properties of M40J and M60J fibers at room temperature from their composite
macro-data. These high modulus graphite fibers are used in certain aerospace
applications, which require significantly higher stiffness at the expense of slightly
reduced strength. Since the stiffness macro-data of the composites were obtained in this
reséarch by the three-component oscillator resonance method, instead of conventional
mechanical testing (see [21]), the T650-35/PMR-15 composites were re-tested and the
properties of the T650-35 fibers were determined and then compared with the data
presented in Ref. 21 and with the properties of the M40J and M60J fibers.

2. Investigated Composite Systems

To determine the properties of the T650-35, M40J and M60J fibers the following graphite
fiber/polyimide composites were examined in this study: unidirectional T650-35/PMR-
15, eight harness satin (8HS) woven T650-35/PMR-15, unidirectional M40J/PMR-II-50,
four harness satin (4HS) woven M40J/PMR-II-50 and a woven 4HS M60J/PMR-II-50
composite. For comparison, the mechanical properties and the longitudinal and transverse
coefficients of thermal expansion (CTEL and CTEr) of the T650-35, M40J and M60J

graphite fibers taken from the available literature, are shown in Table 1. It can be seen in




Table 1 that several properties of the M40J and M60J fibers were not available at the start
of this project. '

The available data of the average fiber, resin and void contents as well as the glass
transition temperatures T, of the five composite systems examined are presented in Table
2 for comparison. The composites were manufactured at the NASA Glenn Research
Center (GRC). The T650-35 fiber composites were manufactured and post-cured at
- 316°C, whereas the M40J and M60J ﬁber’ composites were manufactured and post-cured
" at 371°C. Detailed descriptions of their manufacturing procedures, composite

architectures and selected properties can be found in Ref. 18.

3. Experimental Methods
3.1. Oscillator resonance measurements

The three-component oscillator resonance method [27-30] was employed to determine
the elastic properties of the unidirectional and woven graphite/polyimide composites and
their neat PMR-15 and PMR-II-50 polyimide resins. The testing setup consisted of two
piezoelectric oscillators (see Figure 2). The first oscillator vibrated in the extensional
mode enabling the determination of Young’s modulus, whereas the second oscillator
operéted in the torsional mode so that the torsional modulus of the specimen could be

measured.

Each oscillator consisted of two piezoelectric quartz crystals cemented together. The first
crystal rod, called-the drive crystal was responsible for generating either an extensional or
torsional standing wave. The second crystal, called the gauge crystal was responsible for
monitoring the vibrations. A neat resin or composite specimen was attached to the top of
the gauge crystal. The vibrations of the whole system were geherated by applying a
 sinusoidal voltage with an amplitude, Uy, of approximately 1 volt to the metal coatings of
the drive crystal. Simultaneously, the voltage amplitude, Ug,‘ across the metal coatings of

the gauge crystal was monitored. For a fixed Uy, the value of U, was a function of the

4




frequency of the applied voltage. To measure the stiffness of a specimen, one had to find
the Speciﬁc value of frequency that corresponds to the maximum U,. This characteristic

value of frequency was the resonance frequency, fi., of the entire vibrating oscillator.

The resonance frequency of the oscillator without an attached specimen, fy, was 49.877
| and 49.817 kHz for the extensional and torsional setup, respectively. With an attached
specimen, fi.s increased or decreased depending on the natural frequency of the spécimen,
fipec. After measuring fre, the natural frequency of the specimen, fopec, could be calculated |
from equation (1) [27]: |

Mg 2 2 2 | :
.fspec = —(fre: _fq )+ .fres : ' (1)

mg

where mq and mg denote, respectively, the mass of the piezoelectric crystals and of the
specimen. In the torsional setup case, equation (1) is valid provided that the diameters of
the specimen and the crystal are the same. Once fie is known, the Young’s, E, or

torsional, G, modulus of a specimen can be found from expression (2):

EorGe ,{u] @

n

~ In the above formula, L and p represent the length and density of the specimen, and n
denotes a constant number equal to a multiple of 0.5. It should be also noted that equation
(l)is valid only when fipe is close to f.s. Therefore, only specimens of specific L/n ratios

could be measured using the three-component oscillator resonance method.

Using the oscillator resonance technique, the elastic properties (Em, Gm) of neat PMR-15
and PMR-II-50 polyimides as well as the in plane and out of plane Young’s moduli of the
woven composites were measured directly. For the unidirectional composites, the

resonance technique allowed for the determination of the three Young’s and two torsional




moduli (Eg, iri-plane Er, out of plane Er, G and Gy). Then, based on the torsional moduli
(GL, Gj) and assuming that the material is transversely isotropic, the values of the
longitudinal and transverse moduli (Gp and Gt) were obtained following the method

described in detail in reference [30].

All specimens used in this work were fabricated either from neat resin or composite
plates of approximately 5 mm thickness. For thicker specimens, several plates were
stacked together and glued using an epoxy-based cement. The specimens for the torsional
tests and for measuring the out of plane Young’s moduli of the woven composites were
all prepared this way. To examine the effect of the glue on the measurements, ‘four
cemented specimens of the neat PMR-15 resin were prepared. The Young’s moduli of the
cemented and homogenous specimens of PMR-15 were tested and subsequently

compared.
3.2. Mechanical testing

The longitudinal Poisson’s ratios (vp) of the unidirectional composites could not be
measured using the resonance method. Therefore, for the unidirectional T650-35/PMR-
15 composite the ratio was taken from Ref. 7 and for the unidirectional M40J/PMR-II-50
system it was measured by performing conveﬁtional mechanical uniaxial tests. For this
purpose two 0° specimens 215 mm long and 22 mm wide with two rosette strain gages

attached to both sides of each specimen were tested at a strain rate of 1mm/min.
3.3. Measuring coefficients of thermal expansion (CTEs) and volume fraction of fibers

Length dilatometry using a Netzsch DIL 402C dilatometer was employed to determine
the coefficients of thermal expansion of the neat PMR-15 and PMR-II-50 resins and of
the unidirectional and woven composites. Only the CTEs at 20°C were néedcd for this
work. For the unidirectional systems, the measurements were performed in the direction

parallel and perpendicular to the fibers. For the woven composites, the tests were

performed in and out-of-plane.




4. Properties of Polyimide Resins and Composites

The properties of the neat PMR-15 and PMR-II-50 resins, unidirectional and woven
composites are sh'own' in Table 3, 4 and 5, respectively. The average values of the
properties (AVG) with the standard deviation of the mean (SDOM) [31] are included
with the data for each tested specimen. Additionally, the volume fractions of fibers are
shown for all the investigated composites. The number of specimens in each test varied
- . from three to eleven. In some cases tests were repeated on the same specimen. For such

tests both results are shown in one cell of the tables.

The data presented in Tables 3-5 clearly show that the natural frequency method used to
determine the elastic parameters of the neat resins and the composites appears to be very
precisé. When the tests were repeated more than once on the same specimen, the
difference was less than 0.8%. The coefficients of variance (COV) in the elastic property
measufements, not reported in Tables 3-5, were usually lower than 2%. Only the tests for
the out of plane Young’s moduli of the woven composites yielded higher discrepancies ‘as
the maximum value of the COV reached 4.5% in the case of the M40J/PMR-II-50 woven
system. It can also be seen in the data presented in Table 3 that the results obtained from
the homogeneous and the cemented specimens of PMR-15 were very similar. This
implies that the three thin layers of glue in the cemented specimens introduced no effect
on the Young’s modulus measurements. Consekluently,‘ it was assumed that the out-of -
plane and torsional properties of the composites measured on the cemented specimens

were also not affected by the glue.

The thermal behavior of the composites was found to be highly anisotropic since the
values of CTE in the direction of the fibers were very small compared to other directions.
vIt was also observed that for the neat resins, the transverse direction of the unidirectional
composites and the out of plane direction of the woven systems, the CQV was less than

10%, whereas the longitudinal CTEs of the unidirectional composites and the in-plane




CTEs of the woven systems exhibited much higher discrepancy with the COV above
10%. '

5. Fiber Property Evaluations
5.1. Macro-input data

For the fiber property calculations the average values of the data shown in Table 3-6 were
used. However, it has been shown in Ref. 21 that errors in input data can substantially
influence the uncertainty of the output fiber properties. Therefore, an error analysis was
also carried out in this study. According to Ref. 31, the best estimation of random
measurement errors is the standard deviation of the mean, also included in Tables 3, 4
and 5. By considering the SDOM values as uncertainties of the input data, )the associated
errors of the ﬁbér properties could be also dé;termined. In Table 6, the transverse Young’s
moduli and transverse CTEs of the unidirectional systems with their assumed errors are
‘shown. These were used in the calculations of the fiber properties. The average values
were obtained by averaging the properties measured in and out—of-plane. The assumed .
errors were actually the coefficients of variance of all the data from the in and out of

plane measurements.
5.2. Fiber properties from unidirectional composites

To determine the properties of the fibers (Egn, Efr, v, Gir, Ga, o and a7 ) from the
unidirectional composites and to model the tows in the wox}en systems the Eshelby/Mori-
Tanaka model [32-34] was used. The application of this model for describing mechanical
behavior of unidirectional composites with a volume fraction of fibers (f;) higher than
50% has been not been Widely‘accepted. This problem has been recently investigated in
Ref. ‘15 by comparing the Eshelby/Mori-Tanaka and FEM approaches. It was found that

the Eshelby/Mori-Tanaka model could provide only approximate stresses and strains

distribution when f, exceeded 50%. However, the Eshelby/Mori-Tanaka approach was




found to be accurate for the elastic property evaluations of unidirectional composites

even with very high values of £, [15].
Elastic properties

~ The Eshelby/Mori-Tanaka approach provides the following equaﬁon that expresses the
stiffness matrix of the fibers, Cr, in terms of the stiffness matrix of the compoSife, C,, and
of the resin, C,, [21, 32-34]:

Cp= [(fi—l)C’,,,(I,—S)(C;1 -C+IIIC; - (5~ £,(S = D)C;! —C.Zl)—}-]'1 BN E)

v \4

In the above equation § stands for the Eshelby tensor in matrix form, I denotes a 6 by 6
unit matrix and f, is the volume fraction of fibers. Assuming transversely isotropic
symmetry for the fibers and composite, the stiffness matrices C. and Cs in equation (3)

~ can be related to the five independent engineering elastic constants by:

(E' -v,/E, -v,/E, 0 0 .0
E} E}-%G} 0 0 0
E; 0 0 0
C= 7 Py “)
G 0 0
sym. G 0
| o

Equation (4) can also be used to describe the matrix C,, provided that E; = Er = E,,, G=
Gr = G, and vy = E,/2/G,, - 1, where E,, and G,, denote respectivély the Young’s and

shear moduili of the resin.



Coefficients of thermal expansion

Again, using the Eshelby/Mori-Tanaka method, the coefficients of thermal expansion of

the fibers can be determined from [18, 32-34]:

a, = —}—c;‘ (C, ~C,)S - £,(S= D))~ C, )@, - @) +a, 5)

v

where o , Om, and o are the column vectors of the CTEs for the fibers, matrix and
composite, respectively. According to equation (5), in order to find the thermal expansion
coefficients of a fiber, o5 the stiffness matrix of that fiber, C, niust be known, or

calculated using equation (3).
5.3. Fiber properties from woven composites

To determine the elastic (Eg, Err) and thermal (o, our) properties of the fibers from the
woven composites, finite element method (FEM) and an optimization technique were
employed. Using finite element representations of woven systems the macro mechanical
" properties of the composités can be obtained when the'properties of the constituents
(matrix and fibers) are known. To reverse this relation and obtain the fiber properties

from the macro data of the composites, the optimization technique was used.

’fhe finite element representations of the woven composites were Based on the concept of*
a meso- unit-cell. In the modeling of the_SHS T650-35/PMR-15 composite both fully 3D
and single-slice models [14] were used. The modeling of the 4HS systems with the M40J
and M60J fibers was based only on the single-slice models (see Figure 4). Each model
consisted of the warp and fill tows and small pockets of neat resin. The geometry and size
of the tows were taken from the SEM images of the woven composites. By aséumi;lg that
each tow is a unidirectional composite, mechanical properties of the tows could be

determined using the Eshelby/Mori-Tanaka approach. The volume fraction of fibers
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inside the tows was adjusted so that the global volume fraction of fibers in the whole

unit-cell matched the valuc obtained from the acid digestion test shown in Table 2.

The mesh shown in Figure 3 was built using thetrahedral isoparametric elements.
Periodic boundary conditions were applied to the faces of the unit cell following Ref. 35.
A more detailed description of the model can be found in Ref. 14. The geometrically
simplified, so-called single-slice FE models of 4HS and 8HS woven composites are
depicted in Figure 4. The single-slice models are also 3D, however, in their desigﬁ only
the weave undulations in the warp direction were taken into account, whereas the
undulations in the fill direction were neglected (see Figure 5). This simplification ﬁqakes
the stresses and strains along the z-coordinate constant. The thickness of the single-slice
meshes equaled the size of one finite element. Periodic boundary conditions applied to

the single-slice model took the following form:

uX(O,y,z)=0 uy(-l,y,z)=—<ey >
uy (x,0,2)=0  u,(x,h,z)=<é&, >h _ : : . 6)
Uz (%,,0)=0 u,(x,y,1)=-<&, >

where /, h and ¢ represent the dimensions of the mesh and < &, > stands for the averége

" strain in the i-th directibn.
Elastic properties

Using the finite element models in Figures 3 and 4 the stiffness properties of a woven
" composite can be calculated assuming that the matrix and fiber properties and the volume
fraction of fibers in the composite are known. However, in this study the problem had to
be reversed, since the properties of the composites were known and the objective was to
determine the fiber properties. To simplify the problem it was assumed that only the
Young’s moduli of a fiber (Eq and E¢y) are to be determined whereas the values of vg,
Gr, Gq_ are already known. In the case of the M40J and T650-35 fiber composites, these

values were taken from the analysis of the unidirectional systems. For the M60J fiber
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composite these values were assumed to be the same as for the M40J fiber. Consequently,
the analyses became not five- but only two-dimensional with the goal of determining

numerically the values of Eq and Er according to the following function:
Eq, Err = {Bep, Ecop, Vir, Gr, G, B, Giny fi 21, ©

To obtain the unknown values of Eg and Esr, a two-parameter iterative optimization
(Figure 6) was performed for each woven system. At first, the initial values of Eq and B¢t
were arbitrarily selected. Next, a finite element simulation was run to obtain the
composite properties. Then, by comparing the calculated and measured values of the in
and out of plane Young’s moduli of the composite (Ecp and Ecop), the initially assumed
values of Eg. and Egr were modified. This procedure was repeated until the measured (see
Table 5) and calculated stiffness properties of the composite converged. Usually, after
five to six steps the proper values of Eq and E¢r could be determined using a 0.1%

convergence criterion.
Coefficients of thermal expansion
The algorithm employed to determine the CTEs of the fibers, o and oyr, was similar to
the algorithm used in the determination of the elastic properties. The goal was to solve
the following problem:

o, ot = g(0lerp, Otcors Brvs B, Vir, Grrs Girs Oms Em, Gy £, @), (8)

where o, olcop denote the in and out of plane CTEs of a woven composite.

Tterative optimization was used and the values of oy and oyt were calculated assuming

0.1% convergence.
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5.4. Error analysis

A differential-based approach was used to estimate the errors of the determined fiber

properties. Generally, a function that describes a fiber property can be designated by
y = y(x;,%,,X%;,.., X,) where x; is a sei of n input parameters. In this case y
represents either an inversed Eshelby/Mori-Tanaka or an inverse finite element based
model. The input parameters x; were measured experimentally; therefore, they are known
only with some finite accuracies. According to Ref.v 31, if Ax; is a small rahdom error in

x;, then the uncertainty of the output Ay (fiber property) can be calculated using

expression (9):

2 .
AP (s X e s Ay Ay ey A, ) = Z[%—Axi) )
i=1 i ’

\

In the analysis of the unidirectional composites the analytical Eshelby/Mori-Tanaka
formulas 3-5 were employed to describe the function y. Therefore, the partial derivatives

&y/dx; in equation (9) could be evaluated analytically. However, in the case of the

woven systems, closed form expressions for the fiber properties are not available.
Therefore, the partial derivatives had to be estimated numerically using the following

expression:

OY (%15 X5 peves XpseeXy) _ Y(Hps Xpyerns X + Bye)) = (X, Xy 5y Xp50e X))
ox; - h

H

) (10)
where % is much smaller than x;. -
In thé error analysis, the input parameter error Ax; equaled the SDOM which are given in

Tables 3-6. This means that there is a 78% probability that the actual fiber property is in
the range y £ Ay.
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According to equation (9), in order to estimate the total error of the fiber property, Ay,
one must know all input parameter errors Ax;. In the case of the finite element analysis of
the 8HS woven composite, all the input parameters errors were determined in this study

except for the error of the geometrical parameters Aa;. The effect of Ag; on the output -
errors of the fiber properties (AE ,, AE ., Aay,, Aay) is believed to be small and was

therefore neglected in this study. After this simpiiﬁcation, according to equations (7) and

(9) the error AE,, can be described by the following formula:

OE * (oE * (oE ' (eE ’
AE%, s(—iAEc,P) +( £ AEco,,J +{ £ AvﬂJ +(———’—L—AGILJ +
0E 0E,,p v, 0G,
2 2 2 2
oF OE E OF
—LAG, | +| =LAE, | +| =EAG, | +| 2N,
0G,; oE,, oG, Lo,

A similar method was also employed to determine AE ., A, A .

.

6. Properties of T650-35, M40J and M60J fibers
6.1. Individual fiber properties

The elastic properties and CTEs of the T650-35, M40J and M60J graﬁhite fibers obtained
in this study from the unidirectional and woven composite macro-data are shown in Table
7. The longitudinal Eg and transverse Egr Young’s moduli of the T650-35 fibers were
determined using the  Eshelby/Mori-Tanaka, single-slice and fully 3D finite element
models. The three approaches yielded almost identical values for the longitudinal and
transverse stiffness properties, equal to 224 GPa and 15.4 GPa, respectively, very similar
to the properties listed in Table 1. Also, the other stiffness properties such as Gy, G, .Vﬂ‘_,

were very close to the properties listed in Table 1.

The longitudinal and transverse coefficients of thermal expansion of the T650-35 fibers

from the three approaches were found to be similar, especially in the case of the
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ransverse coefficient ranging from 12.9 to 13.5 x10%/°C. The longitudinal coefficient
were found ranging from —1.16 to —1.9 x10 °/°C, depending on the method used. If
compared to the data from other sources presented in Table 1 the transverse coefficients
determined in this study were two times higher than the coefficient listed in Table 1. The
absolute value of the longitudinal coefficient determined here was also almost two times

larger than in Table 1.

Not all properties of the T650-35 fibers evaluated in this study agreed \;vell with the
properties of the fibers presented in Ref. 21. Tﬁe numerical techniques used here and in
Ref. 21 were similar. The only significant difference was related to the determination of
the macro-composite properties, which in Ref. 21, were obtained purely by conventional
mechanical testing. If we consider only the room temperature data, the fiber properties
from Ref. 21 are as follows: Eg ranging from 246 to 262GPa, EfI‘A from 29 to 114 GPa,
- Gg from 20GPa to unspecified upper limit, and vq, ranging from 0.42 to 0.48. Clearly,
large discrepancies exist in the results of the transverse and shear moduli of the fibers
obtained in this project compared with those in Ref. 21. These discrepancies could be
even larger if the elevated temperature results from Ref. 21 were considered in this (

comparison.

It has been shown in Ref. 21 that the accuracy of the input macro-data for a composite is
critical for the accurate evaluation of the properties of its fibers. In this study, two
independent approaches based on unidirectional and woven analyses with two different
composite systems independently tested and independently analyzed numerically using
two different schemes for their fiber properties yielded almost identical results -for the
Eq and Egr values of the T650-35 ﬁbers. This clearly indicates that the precision of the
three-compone_nt oscillator resonance method which was used in this study to determine

the macro- stiffness properties of the composites is very high.'

The coefficients of thermal expansion of the T650-35 fibers presented in Ref. 21 range
from —1.6 to ~0.7x10 ¥/°C for ag and from 5 to 17x10 “%/°C for osr as obtained from

the unidirectional composite. This agrees well with the data in this research for the
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unidirectional composite with o equal to -1.16><10 /o and oyt equal to 13.5%10 le}
Since the coefficients from the woven analyses were not obtained in Ref. 21 they could
not be compared with the data from this study. More importantly, the average values of
- the coefficients are very similar, however, the range of scatter is much smaller in the data
shown in Table 7. This should be attributed to much better estimates of the fiber elastic
properties obtained here than in Ref. 21 which, of course, according to equation’ %)

affected the calculations of the thermal properties of the fibers.

For the M40J ﬁber,‘signiﬁcant differences were found between the values of EfL and E¢r
obtained from the analysis of the unidirectional and woven composites. The difference
was 7% for Eq and 21% for Egr. These discrepancies are most likely caused by the fact
that the unidirectional M40J/PMR-II-50 system does not exhibit transverse isotropy. The
lack of transverse isotropy in the unidirectional system based on the M40J fibers can be
easily observed in Table 4 if the in and out of plane transverse stiffness values are
compared. The difference between these two values is approximately 20%. Since the
- difference in the in and out of plane transverse stiffness properties of the unidirectional
M40J/PMR-II-50 was not incorporated into the Eshelby/Mori-Tanaka model (only the
average value was used) this must have been responsible for the significant difference in
the estimated stiffness properties of the M407 fiber. It should also be noticed in Table 7
that the longitudinal modulus from the woven system analysis (344 GPa) is quite close to

the value provided by Toray (377 GPa) [36].

The lack of transverse isotropy is also evident in the results of the transverse coefficients
- of thermal expansion of the unidirectional composite shown in Table 4. In this case the
difference between the in and out of plane values was found to be almost 29%.
Consequently, the estimated transverse CTEs of the M40J fiber from the ’unidirectional
composite (6.9x10'6/°C) were noticeably different than the property determined from the

woven composité analysis (8.8x10°%/°C).

Since only the woven system was used for the analysis of the M60J fibers, direct

comparisons between the results from the unidirectional and woven composite analyses
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could not be made. However, the properties obtained in this study‘ can be compared with
the data provided by Toray in Table 1. The longitudinal modulus obtained here was 500
GPa versus the modulus from Toray of 588GPa which is quite acceptable considering all
the possible factors which could be responsible for this difference. However, oq, equal to
2.0 x10°¢/ °C from this study doés not compare well with the value from Toray of
~1.1x10°%°C.

6.2 Comparison between T650-35, M40J and M60J fiber propertieé

A meaningful comparison of the elastic properties and CTEs of the three fibers, T650-35,
M40J and M60J, obtained in this study is rather difficult due to the problems alréady
discussed. Fof instance, the lack of | transverse isotropy observed in ome system .
(unidirectional M40J/PMR-II-50) and not observed in another (unidirectional T650-
35/PMR-15) could add a significant effect to the final estimates of the fiber properties.
Another factor which could noticeably affect the measufements of the éomposite
mechanical properties’ and the extractions of the mechanical fiber properties is
intralaminar tow micro-cracking from manufacturing, especially for the woven 4HS
M60J/PMR-II-50 system [18]. The 4HS M40J/PMR-II-50 composites also showed
evidence of tow micro-cracking after manufacturing. Cleary, significant tow micro-
cracking must affect the composite stiffness measurements and the final estimates of the .
fiber stiffness and coefficients of thermal expansion. Since no tow micro-cracking has
been observed, in the absence of external loads, in the two T650-35/PMR-15 systems the
T650-35 properties determined here are not affécted by this effect. In addition, the

unidirectional T650-35 based system was transversely isotropic.

Despite all of the above problems the final estimates of the longitudinal fiber properties
agree well with the data from other sources presented in Table 1. As expected the
longitudinal stiffness values of the T650-35 fiber were lower than for the M407 fiber and
even lower that that of the M60J fibers following the initial trend shown in Table 1. It
seems that the trend in the transverse stiffness properties is jus__t opposite with the’
transverse Young’s moduli decfeasing from the T650-35 to M40J and M60J fibers. No
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obvious trend could be noticed in the values of the coefficients of thermal expansion of
the three fibers. '

7. Conclusions

1. A combined experimental and numerical methodology for the evaluation of fiber |
properties from the composite macro-data has been presented in this research. The
‘methodolo‘gy is based on the measurements of 'the‘elastic and thermal macro-properties of
unidirectional and woven composites by the three-component oscillator resonance -
method and dilatometry. It is then followed by extraction of the fiber properties using the

Eshelby/Mori-Tanaka model for unidirectional and finite element representative unit cells

fOIf woven systems.

2. High quality estimates of the elastic properties and coefficients of thermal expansion of
the T650-35 graphite fibers were obtained in this research. Almost the same values of the
properties were obtained from the unidirectional and woven analyses which were carried
out almost independently of each other using two different composite architectures based

on the same graphite fibers embedded in a PMR-15 polyimide resin.

3. Despite the fact that exactly the same approaches were used to determine the properties
of the M40J fibers the final results were less accurate than in the case of the T650-35
fibers, especially for the transverse fiber properties. It was suggested however that the
lack of transverse isotropy of the unidirectional M40J/PMR-II-50 system could be
predominately responsible for the noticeably difference in the fiber properties obtained
from the unidirectional and woven analyses. The properties of the M60J fibers could not

be independently verified since only one composite architecture was investigated.
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Figure Captions

Figure 1. Cross-sections of woven 8HS T650-35/PMR-15 (a), 4HS M40J/PMR-II-50 (b)
and 4HS M60J/PMR-II-50 (¢) composites after manufacturing and post curing [18].

Figure 2. Schematic of three-component extensional oscillator.

Figure 3. Fully three dimensional finite element representation of an 8HS woven

composite.
Figure 4. Single-slice finite element representations of 4HS and 8HS woven composites.
Figure 5. Trahsformation steps from a fully three dimensional to single-slice model.

Figure 6. Numerical procedures for determining longitudinal and transverse Young’s

moduli of graphite fibers .




Table 1. Selected mechanical properties and CTEs of the T650-35, M40J and M60J

- graphite fibers.
Properties
Strain at
EL ET . GL GT Strength CTEL CTET
o v Failure
Fibers [GPa] | [GPa] [GPa] | [GPa] | [GPa] - [10°°C] | [10°°C]
_ A .
T650-35* 243 13.8 [ 0.29 | 23.1 5.0 4.55 - 1.7 -0.84 7.8
MA40J** 377 | NJA |N/A| N/A | N/A 441 1.2 -0.83 N/A
M60T** 588 | N/A |[N/A| N/A | N/A 3.92 0.7 -1.1 N/A

*) stiffness and thermal properties from [26] and str

**) from [36]

ength from [36]

Table 2. Average fiber, resin, void contents and Ty for the five composite systems [8,18].

Properties |  Fiber by Matrix by "Void - Ty
Composites volume [%] | weight [%] fractibn [%] | [°C]
UNL T650-35/PMR-15 | 55.6 " 364 15 342
8HS T650-35/PMR-15 - 61.1 31.6 1.2 342
UNI. M40J/PMR-II-50 56.8 38.0 0.5 ~389
4HS M40J/PMR-II-50 58.8 352 19 389
4HS M6OJ/PMRJI—50* 63.8 339 1.3 376

* unidirectional M60J/PMR-II-50 composite was not available for this study.
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Table 3. Properties of PMR-15 and PMR-II-50 resins

Property , Specimen | AVG

#1 | #2 | #3 | #4 | #5 [ #6 | #7 | #8 +SDOM
PMR-15

E[GPa] | 4.02 | 402 | 405 | 3.97 | 3.97 |3.93 | 3.95 4.00 £0.3%
3.98 [ 4.01° | 404" | 4.02° ‘ ,

G[GPa] |1.48 [145 |1.46 |1437]145 | 1.46 +0.6%

o [10°°C] | 39.9 | 40.3 | 38.9 | 38.5 | 39.6 [40.2 39.6 £0.7%

- PMR-II-50 |

E[GPa] | 440 | 436 | 433 | 432 | 429 | 431431 430 | 4.33+0.3%

G[GPa] |1.63" | 1.65 |1.67 | 1.65 1.64 +0.5%

a[10°°C] | 389 | 385 | 382 | 383 | 39.2 |37.6. 38.4 £0.6%

glued specimens
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Table 4. Mechanical properties of unidirectional composites

Specimen
Property #1 #2 #3 #4 45 #6 | AVGxSDOM
T650-35/PMR-15
E. [GPa] 125 130 128 128 123 126 126.7 £0.8%
in plane Er [GPa] 832 | 836 | 84l 8.23 8.16 8.30 +0.5%
outof planc E; [GPa] | 8.16 | 8.15 | 831" | 827 | 8.16 | 8.18 8.2120.3%
| G, [GPa;] 419 | 419 | 4227 | 4227 | 420° 4.20 £0.2%
Gr [GPa] 270" | 2.88° | 2.84 2.81£1.9%
VL 0.40" | 0417 | 0427 0.41 £1.4%
o [10°%°C] 0.71 | -0.58 | -0.59 -0.62 +6.7%
in plane oy [10%/°C] | 29.0 294 | 295 |- _ 29.3 £0.5%
out of plane o 27.7 334 31.0 31.2 30.8 +3.8%
[10°%/°C] 4 .
fiber content [vol. %) 56.3 55.3 552 o 55.6 £0.6%
| M40J/PMR-II-50
E_ [GPa] 188 | 180 183 178 180 181 181.7 +0.8%
in plane Er [GPa] 9.00 8.82 | 891 8.7 872 | 8.94 8.90 +0.4% -
897 | 8.84 ‘
outof plane Er [GPa] | 7.19° | 725 | 734 | 7.14 | 695 | 7.16 71740.7%
Gy [GPa] 477 | 475 | 4817 | 461° 4.73 £0.9%
Gr [GPa] 255 | 263" | 257 | 255 | 260 | 258+0.6%
' v 0.31 027 | 021 0.26 +11%
oy, [10°%/°C] -1.39 | -179 | -1.80 | -1.42 -1.6 £7%
in plane or [10°/°C] 20.9 21.0 17.8 20.1 +5.3%
out of plane ar [10° 26.4 27.2 26.4 _ 26.7 +1.0%
5/°C] | |
Fiber content [voL. %] | 573 | 570 | 361 | 56.8 £0.6%

") glued specimens, " data taken from Ref.. 7.
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Table 5. Mechanical properties of woven composites

AVG
Property Specimen +SDOM
#l | #2 | B [ # [ #5 | #6 | #7 | #8
8HS T650-35/PMR15
in plane E [GPa] 70.7 | 703 | 694 | 69.2 | 69.9 69.9 +0.4%
out of plane E [GPa] | 10.9° | 10.4 | 10.8° [ 10.3° [ 104" | 1037 | 104" 10.50.8%
in plane o [10°/°C] 1.58 | 1.16 | 1.04 | 0.46 | 0.85 | 1.02 1.02 +14.7%
out of plane o [10%/°C] | 38.7 | 40.9 | 38.5 | 39.4 39.4 +1.4%
fiber content [vol. %] 59.7 | 62.1 | 614 61£1.2%
4HS M40J/PMRII50
in plane E [GPa] 988 ] 989 [ 99.5 [ 98.1 [ 99.6 | 97.5 | 983 98.7 £0.3%
out of plane E [GPa] | 9.11° | 8.63 | 8.71° | 9.29° | 941 | 8.17 | 897 | 8.74 | 8.88 +1.6%
in plane 0, [10%°C] | -0.25 | -0.46 | 0.18 | -0.08 | -0.67 -0.25 +58%
out of plane o. [10%/°C] | 30.5 | 35.0 | 36.0 | 37.7 | 37.1 35.3 £3.6%
fiber content [vol. %] 594 | 58.6 | 585 58.8 £0.5%
4HS M60J/PMRII50
in plane E [GPa] 152 | 153 [ 153 | 152 | 152 152.2 40.2%
out of plane E [GPa] | 820" | 8.09".| 7.92" [ 8.02" | 8.11" [ 7.87 | 8.107 8.04 £0.5%
in plane o, [10°/°C] | -0.89 | -0.47 | -0.90 | -1.4 -0.91 £21%
out of plane 0. [10%/°C] | 35.8 | 36.7 | 40.4 | 40.6 | 40.9 38.9£2.8%
fiber content [vol. %] | 63.7 | 63.7 | 63.9 63.8 +0.1%

") glued specimens

28




Table 6. Transverse properties (average between in plane and out of plane direction) of

unidirectional composites used for the fiber property calculations.

average values and
assumed errors
T650-35/PMR15
Er [GPa] 8.25+1.1%
ar [10%/°C] 30.4 £5.1%
M40J/PMRII50 _
E: [GPa] - 8.03£112%
ar [10°/°C] 23.4 £16%

Table 7. Elastic properties and thermal expansion coefficients of T650-35, M40J and

MG60]J graphite fibers from different models.

Eq Egr G Ger Vo og Ot Models
[GPa] | [GPa] | [GPa | [GPa] [10°%°C] | [10°°C] | System
Fiber ‘ ]
225 154 | 21.1 | 58 | 044 -1.16 13.5 Uni. Eshelby/
(#3) | (#0.7) | *1.1 | (20.4) | (£0.02) | (20.05) | (x1.1) Mori-
) ‘ Tanaka
T650-35 | 224 15.4 - - -1.9 12.9 FE 8HS
#3) | (0.7) (#0.5) | (1.5) | 8HS | (lice)
224 15.4 - - -1.9 13.1 FE 8HS
#3) | (0.7) | @0y | @ (3D)
316 134 | 208 | 3.9 0.22 -2.05 6.9 Uni. | Eshelby/
4 | (3.7 | #2) | @0.1) | 0.05) | (#0.12) | (6.3) Mori-
M40J ‘ Tanaka
344 10.8 - - -1.8 8.8 4HS | FE4HS
(#2) | (£0.3) (#0.2) (x1.7) (slice)
Ngor) 500 9.4 - - 2.0 | 18 4HS | FE4HS
#2) | =0.5) #0.2) | 4 (slice)

" It was assumed that for the M60J fiber Gg= 20.8 £10 GPa, G¢=3.9 +0.5 GPa and v4 =0.22

+0.25
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Figure 2). Schematic of three-component extensional oscillator.
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Figure 3). Fully three dimensional finite element representation of an 8HS woven
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Figure 4). Single-slice finite element representations of 4HS and 8HS woven composites.




Figure 5). Transformation steps from a fully three dimensional to single-slice model.
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Abstract

In this work, a method based on X-ray diffraction (XRD) measurements of internal
stresses in embedded metallic éllipsoidal incluéipns is briefly described. The method has
been recently developed for the determination of reéidual thermal stresses in high
temperature -graphite/ﬁolyimide composites. The effects of external bending loads and
aging on the measurements of the internal stress in unidirectional and woven graphite
fiber (T650-35)/polyimide (PMR-15) composites were examined in addition to several
other factors which could influence the accuracy'of the stress measurements. Such factors
as the volume fraction of inclusions, their aspect ratios and the interaction between
individual embedded inclusions were also evaluated in this study. It has been shown that
despite its complexity the proposed method can be successfully applied to the evaluation
of residual stresses in high temperature polymer matrix composites subjected to external

loads and aging.
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1. Introduction

The evaluation of the residual thermal stresses in polymer matrix composites is not a
straightforward task. Several methods have been proposed for the residual stress
measurements in the composites, each with its own limitations [1-22]. One of them is
based on X-ray diffraction (XRD) measurements of residual strains ‘in crystaliine
ellipsoidal inclusions embedded in the interlaminar regions of unidirectional and woven
polymer matrix composites [8-22]. The residual interlaminar stresses in the composites
are then extracted from the XRD data for the inclusions using‘ either analytical or
numerical models. The idea of employing embedded metallic inclusions as stress senso‘rs
was first proposed by Predecki and Barrett [8-11] and used to measure residual stresses in
unidirectional graphite/epoxy composites with embedded aluminum, silver and niobium
inclusions. In their work [8-11] Predecki and Barrett were successful in measuring the
strains and stresses in the embedded inclusions including the effect of externally applied
mechanical loads. However, they were unable to quantitatively evaluate the stress
transfer from the composites to the embedded inclusions, which is critical for the correct

determination of the state of stress in the composites.

Fenn et al. [12] used XRD to measure triaxial strains in nickel inclusions embedded in
Araldite MY 753 epoxy resin as a function of the volume fraction of inclusions and the
‘curing temperature. The authors observed little difference in measured strains over a
range of metallic inclusion volume fractions (10%-30%). They also observed that the
measured strains inside inclusions for the examined curing temperatures did ot coincide
with theoretically predicted values. This discrepancy was attributed to the lack of the
incorporation of temperature dependent resin properties into the model. Meske and
Schnack [13, 14] investigated strains in silver inclusions embedded between composite
layers using XRD. They proposed a new micromechanical approach to study the stress—
- strain relationship between the measured strain in the inclusions and the stress in the

composite. However, their approach was based on the assumption that the inclusions

formed a continuous layer in the composite, which is rarely satisfied as revealed by SEM

analyses [15, 16].




Recently, major research activities have been undertaken [15-22] to further improve the

method of Barrett and Predecki and apply it to the measurements of residual interlaminar

stresses in advanced high temperature polymer matrix composites based on T650-35 .
graphite fibers embedded in a PMR-15 polyimide matrix (see Figures la-b). These

composites develop large residual stresses, which can, in some cases, cause premature

interlanlinar fracture of the composite panels during manufacturing [23-33]. The residual

stresses can also greatly affect the mechanical performance of the composites, especially

undef shear dominated biaxial loads [24,26,31,33]. Thus, the precise determination of the

stresses in these composites was found to be of primary importance. In order to measure

the stresses the XRD method of Predecki and Barrett [8-11] was used and significantly

improved by adding strong analytical and numerical components [15-22]. Without these

two new components, it would not be possiBle to extract the residual stresses in the

composites‘ from the XRD residual stresses in the-inclusions for different composite

architectures (woven and unidirectional) as a function of manufacturing conditions,
éxtemal loads and potential in-service aging conditions. The present methodology is

based on XRD measurements of residual stresses in embedded inclusions and then on

extracting the information about the interlaminar stresses in the composites using the

'Eshelby/Mori-Tanaka approach [34-36]. Throughout this paper we will refer to this

. methodology as the XRD-Eshelby/Mori-Tanaka (XRD-E/M-T) method. '

In this work, we briefly describe the XRD-E/M-T method and present a few key
examples of its applicatioﬁ to the residual stress determination in the T650-35/PMR-15
composites. New computational results are also presented here to further verify the

accuracy of the method and to establish its potential limitations.



2. Fundamental Basis of the XRD-Eshelby/Mori-Tanaka approach |
2.1 XRD measurements

The experimental determination of the strains and stresses in Al inclusions embedded in
composites was performed in the following way. First, the lattice Spacing do between 422
atomic planes for unstressed Al powder was measured using the well-established XRD
technique [37-39]. Second, the lattice spacing dy, for 422 planes perpendicular tok the

diffraction vector Lgy (see Figure 2) for the Al inclusions were experimentally obtained

d
using the same XRD technique. It can be shown that if —""‘id—o vs. sin®y plots for ¢=0°
. L 0

and 0°<y<90°, and ¢=90° and 0%<y< 90° are linear, then the shear stress components
o13 and o3 are zero, there are no significant stress gradients in the diffracting volume,

and the method is considered to be applicable to the specimens being measured [38].

" The relatio_nships between the measured lattice spacing and the principal components of

the strain (€11, 22, and €33) in the inclusions can be obtained from equations 1a-b [38].

d,,. —d
s (511 — &3 )Sin2 W+éy, (1a)
d, . _ : :
d, .., —d )
__?:%"'_;’___9_ = (522 — €33 )sz.V’ + €53 ' (1b)
o .

d,,—d, . ' . ‘ :
- Two representative examples of —i‘—"’z———o—vs. sin®y plots are presented in Figures 3a-b. It
0

can be seen in these figures that the sin®y plots are linear within experimental error,
therefore, the principal components of the strain tensors could be determined using
equations la-b. In the numerical computations, six different values of the lattice spacing

d,, were measured for each ¢ angle (¢=0° or $=90° by varying . The fiber direction

defined the ¢ = 0° in-plane direction. The principal strain components were subsequently




computed using the least square method. The corresponding principal stresses in the
inclusions were computed by multiplying the principal strains by the so-called x-ray
elastic constants for an Al single crystal. The x-ray elastic constants used in this study

were computed from the Neerfeld-Hill model [38].
2.2 Application of the Esheiby/ Mori-Tanaka approach for the stress determination

As paﬁ of the stress analysis, Benedikt et al. [15-22] proposéd a model based on the
Eshelby/Mori-Tanaka method [34-36], which can be used to compute average residual
interlaminar stresses in the composites from the measured strains in the embedded
inclusions. In this approach, the residual stresses o (cR*=CM:eR*, where CM is the

stiffness tensor for the matrix and X

is the corresponding residual strain) caused by
reihforcing graphite fibers, were modeled as far-field stresses prescribed to an unbounded
matrix with embedded metallic inclusions (Figure 4). Using the Eshelby/Mori-Tanaka
approach, one can calculate the magnitude of the prescribed stresses ™%, which
generated the reqﬁired state of stress in the embedded inclusions. However, it has been
shown in Ref. 15 that this procedure yields correct results only if the elastic and thermal
propertieé of the inclusior_ls, the distributions of the inclusions and the visco-elastic and
thermal properties of the matrix are known. In its original form, the approach proposed
by Benedikt et al. [15-22] did not consider the actual interactions between the individual
inclusions, the distribution pattern (morphology) and shape of the inclusions and their

effects on the measurements of the residual stresses. This has been accomplished for the

first time in the present work.

Throughout this paper, the stresses in the inclusions caused by the average interactions
~ between the inclusions themselves and of the inclusions with the Visg:o-elastic matrix, due
to the temperature change during manufacturing are called the close range stresses oR
(c“R=C"e“®). The close range stresses ™R can be approximated using vthe
Eshelby/Mori-Tanaka method [34-36] if the properties of the embedded inclusions and
the matrix are known. The close-range strain €“® at ambient temperature was computed

from equation 2.




&g = S(Sumgin @) +eg " (- Sff»(i)) @ |

i=0

where €7 (i) is the temperature dependent eigenstrain for an inclusion, &" ™) is the time
and temperature dependent perturbed strain computed from the Mori-Tanaka method,
e1(i) is the time and temperature dependent eigenstrain at time i, and f'is the number of

sub-steps used in the visco-elastic analysis [15].

~ Once the close-range stresses are calculated, the residual strains " and therefore the

residual stresses 6~ in the composite can be determined using equations 3a-c.

T | M, Res)_ T , I-M , Res
C;kl(Sklmrlgmn +Ey téy ) = CM(Sklmrf“fﬂmn +é&y o téy "51{1) (3a)
&5 M+, (Syueh—€;)=0 - ) L (3b)
o) - Cij]'klglg‘k = gl'kl (SkIMngzn +ey "+ 511;”) ' ~ (3¢)

where 6XR* is the measured stress in the inclusions, S is the Eshelby tensor for spherical
inclusions, C'is the tensor of the elastic constants of the inclusions, CM is tensor of the

M s the average

elastic properties of the matrix, €' is the constant eigenstrain [35], €
perturbed strain caused by the presence of multiple inclusions computed from the Mori-
Tanaka method (see Figure 4), v is the average volume fraction of the inclusions, and e

" R is the close-range strain computed from equation 2.
3. Residual Stresses in Graphite Polyimide Composite

Three effects have been examined in our research using the XRD-E/M-T method. First,

the effect of composite architecture was investigating by the evaluation the interlaminar
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stresses in both unidirectional and woven 8HS T650-35/PMR-15 composites [15-18, 20].

Then, the composites were subjected to four-point bending and the effect of external

loads on the stress distributions in the inclusions and the composites was examined [16,
17, 20, and 22]. Finally, the composites were subjected to environmental aging in either

nitrogen or in air and the effect of aging on the residual stresses was determined [19-21].
3.1 Composites investigated

Two composite systems have been investigated, namely six ply unidirectional and four
ply eight harness satin woven laminates. Aluminum inclusions were placed between the
first and second plies (Figures la-b) for both composite architectures before the curing
cycle [15]. The inclusions formed clusters with the volumes of fibers of 40+7% (Fig. 1a)
and 46+7.4% (Fig. 1b) for the unidirectional and woven systems, respectively [15, 16].
More information about the material properties of the composites, inclusions and

manufacturing conditions can be found in [15, 16, and 20].
3.2 Material properties

The PMR-15 matrix was assumed to be a visco-elastic material with- its theﬁnal
expansion’ coefficient o depending upori temperature and its shear modulué G depending
on both time and temperature. Poisson’s ratio of PMR-15 was assumed to be constant.
The experimental values of the shear modulus G as a function of time and temperature

were taken from Ref. [40] and the thermal expansion coefficient of the post cured
| polyimide was measured in this study. The values of G and o were subsequently curve
fitted using the non-linear least square method to obtain G(t, T) and o(T) functions.

These relations are shown below.

_ 0.5
G = 1 ((EHO16(-Log(e}16.5)*)+17.5) (4a)

= 043
av — loExg(0.0IX T+348™%)1.076 (4b)




- 028_ )
a, =1 (BP0 41(-T+348)*~43) (40)

a=3-10"2.(104+T)- (127160 - 548 - T + T?) (4d)

The shear modulus G is given in equation 4a as a function of time at T,=288°C (the
master curve). The vertical, a,(T), and horizontal, ay(T), shift functions were estimated

from the data presented in Ref. [40]. The horizontal shift function is used in the definition

of reduced time £(t) (see equation 5).

o ar
= |——— 5
¢0= [ )

The application of the horizontal and vertical shift functions (equations 4b and 4c) allows
the determination of the G(t,T) function from the master curve. However, the formulae
given by. equations 4a-d are only valid for a temperature range from room temperature to

348°C and a range of time from 0 to 10%° seconds.

The linear elastic and thermal properties for aluminum inclusions and PMR-15 (for the

linear elastic analysis) used in our models are shown in Tables 1.

Table 1. Elastic and thermal properties of Al inclusions and PMR-15

Coefficient of
Young’s modulus Poisson ratio thermal expansion |
[MPa] . [1/°K]
Aluminum - 71 0.351 22.4-10°
PMR-15 4.35 0.36 44.8 - 10°

For the T650-35 fibers the longitudinal and transverse Young moduli and the longitudinal
_shear modulus were 241 GPa, 20GPa and 27GPa, respectively and their longitudinal and
transverse Poisson ratios were taken as 0.2 and 0.4. Their longitudinal and transverse

coefficients of thennal expansions were o = -0.5 - 10 and ar=10-10° per °K.



3.3 Effect of composite architecture |

The residual thermal stresses m the two composite systems were deténninéd under two
conditions; linear elastic with a constant coefficient of thermal .expansion (o) for PMR-15
and visco-elastic with o depending on temperature [40]. The actual manufacturing cycle
was followed in the visco-elastic case. The stresses in the composites were also
calculated using ciassical lamination plate theory (CLPT) [41]. From four sets of .
computations fof each composite.we could determine the extent of the visco-elastic
effects in the composites and combare the predicted interlaminar stresses obtained from
the XRD-E/M-T and CLPT methods. The results from the calculations are shown in
~ Tables 2a-b. It can be seen from these data that the XRD-E/M-T method can distinguish
between different composite architectures [15, 16]. Also, the solution for the stresses is
three-dimensional and the residual in-plane stresses in the composites (both
unidirectional and woven) agree well with the predictiohs from CLPT. More,
importantly, the method also allows for the determination of the through thickness

interlaminar stresses, which cannot be obtained from CLPT [40].

Table 2. Interlaminar residual stresses in (a) unidirectional and (b) 8HS woven
composites from the XRD-Eshelby/Mori-Tanaka and CLPT methods obtained with

linear-elastic and visco-elastic assumptions [15, 17].

a)
X-ray with Eshelby Plate theory
c11 [MPa] | 62;[MPa] | c33[MPa] | 011 [MPa] | 62, [MPa] | o33 [MPa].
Linear
| elastic 57+3.5 42+3.5 28+3.5 70.4 44.4 0
| Visco;
elastic 52249 | 37.6435 | 23:35 | 47.9 316 0




X-ray with Eshelby | Plate theory
on [MPa] | o2; [MPa] | o33 [MPa] | o1 [MPa] | 6, [MPa] o33 [MPa]
Linear . ‘
elastic 70.7+17 | 71.1+17 | 36.7+16 94 94 0
Visco- ,
elastic 67.3+17 | 67.6+16 | 33+16 1 63.1 63.1 0
b) |

There is also another very important observation, which can be made by evaluating the
thermal residual stresses shown in Tables 2a-b. Clearly,. there is a small difference
between the results from the XRD-E/M-T method with and without the visco-elastic
assumptions. Even, if the visco-elastic properties of PMR-15 and their temperature
dependent CTE aré ignored and the stresses are calculated with time independent o and a
constant stiffness at room temperature, the difference between the two approaches is less
than 10% for both cases. Obviously, this effect comes from the fact that the visco-elastic
response of the resin is already included in the experimental XRD response of the
inclusions from which the residual stresses in the composites were calculated. The
relatively close agreement between the two approaches (linear and visco-elastic) might
have important practical applications. Since the visco-elastic response of polymers is
often very difficult to obtain, it can essentially be disregarded in the residual stress
" analysis using the concept of embedded metallic inclusions following the observations

made in Tables 2a-b. The error caused by this assumption will be relatively small.
3.4 Effect of externally applied bending loads

Simultaneous four-point bend tests and XRD measurements were performed on the
~ composites and the stresses in the inclusions were measured as a function of the bending
moment represented by the axial strain on the surface of the specimens (Figure 5) [16, 17,
20 and 22]. The axial strains were measured by strain gages placed on the surface of the

sﬁecimens. It was observed that initially the measured von Mises stresses in the
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embedded inclusions increased linearly with the axial strains generated by the fixture (see

Figures 6a-b). However, when the von Mises stresses reached approximately 60-65 MPa,

they formed a platean. The plateau was observed to occur in the inclusions embedded

inside both the unidirectional and woven composites for very similar von Mises stresses

[20, 22]. Internal cracking in the composites was eliminated as a feason for the plateau by

performing four-point bend tests on the composites with and without the inclusions and
by monitoring acoustic emission [20, 22]. The presence of the plateau in the von Mises |
stresses in the inclusions was attributed to ‘the onset of pléstic deformatidn of the
aluminum inclusions. It was concluded from the four-point bend experiments that the
XRD-Eshelby/Mori-Tanaka approach is sensitive to the external loads and is limited by
the plastic deformation of the‘ inclusions, similar to the observations made by Predecki
and Barrett [9]. Obviously, the effect of plasticity of the inclusions would make the
methods impossible to use in the case of very large residual stresses generating von Mises
stresses in the inclusions that are much larger than the yield strength of the inclusions. It
would also make the method impractical, if the yield strength of the inclusions was very
low. Only, an optimum combination of the yield strength of the inclusions and the
magnitudes of residual stresses, creating a distinct linear response, shdwn in Figures 6a-b,

- would make the method suitable for residual stress measurement.
3.5 Effect of aging in nitrogen and in air

Finally, the XRD-E/M-T method was also used to monitor the changes of residual
stresses in the composites subjected to aging in either air or nitrogen at 315°C (Figures 7
and 8) [19-21]. However, it could not be used successfully to'evaluate residual stresses in
the composites aged in air due to the lack of physical properties of PMR-15 aged in air
[19-21]. It was observed that the composites aged in air developed significant numbers of
cracks (Figures 8a-b) [19-21], which had to be neglected in the subsequent computations
due to the numerical complexity, despite the fact that the cracks must have inﬂuénced the
residual stresses in the inclusions. On the other hand, the tests performed in nitrogen
yielded results, which could be interpreted using the XRD-E/M-T approach. The

behavior of the aged neat PMR-15 resin was either measured (volumetric shrinkage) or
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obtained from the existing literature (visco-elastic properties [42] and a [43]). No cracks
were found in the unidirectional composite aged in nitrogen and very few cracks were

found in the woven system subjected to these conditions up to approximately 1000 hours.

Table 3. Stresses in Al inclusions as a function of aging time at 315°C in nitrogen for (a)

unidirectional and (b) 8HS woven T650-35/PMR-15 composites [20, 21].

) Agillg O11* O G133+ Von O11%* Gk O33%x
Time | [MPa] | [MPa] | [MPa] | Mises* | [MPa] | [MPa] | [MPa]
- [hours] | XRD | XRD |XRD |[MPa] | CLPT | CLPT | CLPT

24 85 53 15 60.7 69.6 |36.5 |-293

96 70 34 -0.5 |61.1 743 |39.0 |-335

264 87 54 21 57.2 845 (442 |-424

600 80 51 20 52.0 | 1044 | 544 |-60.5

800 [109 |79 |44 563 |121.6 |633 |-764

1170 106 78 45 52.9 1384 | 719 |-91.9

@

Aging | O+ G+ O3+ Von* | oex | O33%e

Time [MPa] | [MPa] | [MPa] | Mises | [MPa] | [MPa]
[hours] | XRD |[XRD |XRD |[MPa] | CLPT |CLPT
24 85.3 87.7 31.8 54.0 69.3 -21.9

96 68.2 61.5 23.6 41.0 74.8 -25.8

264 90.3 88.0 6.2 83.0 87.0 -33.9

600 96.0 92.2 27.6 67.1 109.9 |-50.8

890 91.1 93.5 33.7 59.0 132.3 -65.4

1170 91.7 91.0 37.0 54.5 152.7 |-79.7..
(b) .
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Table 4. Interlaminar residual stresses as a function of aging time at 315°C in nitrogen in

(a) unidirectional and (b) 8HS woven T650-35/PMR-15 composites [20, 21].

Aging | o3+ G+ G133 Ciixx | O+
Time | [MPa] | [MPa] | [MPa] | [MPa] | [MPa]
[hours] | XRD | XRD |XRD | CLPT | CLPT

24 864 |64.1 |[37.7 |685 |[45.7

96 764 | 513 |274 |746 |502

264 1969 |740 (51.1 |879 }60.1

600 103.8 | 83.6 |62.1 |106.0 |79.8

890 1385 | 117.7 {934 |1372 |97.1

1170 146.8 | 127.3 | 104.4 | 159.7 | 113.9

(b)

Aging C11* Go2* G33+* C11=C 2+
Time |[MPa] | [MPa] | [MPa] |[MPa]
[hours] | XRD |XRD |XRD |CLPT

24 88.6 90.4 49.8 71.8

96 76.4 71.6 44.1 78.7

264 99.3 97.7 383 93.6

600 115.8 [113.1 662 - |1234

890 121.9 |123.7 |80.3 149.3

1170 131.9 | 1314 |922 174.5

(b)

The stresses in the inclusions aged in nitrogen measured by XRD (*) and the
corresponding numerical predictions of the stresses from CLPT in combination with
Eshelby/Mori-Tanaka (**) are presented in Tables 3a,b for the two composite systems.
The interlaminar stresses in the composites aged in nitrogen are shown in Tables 4a,b
with the stresses from XRD-E/M-T indicated by (*) and from CLPT by (**). In the case

of the composites aged in nitrogen, not only the stresses caused by the cooling cycle, but

13




also the stresses caused by the volumetric shrinkage were modeled. It can be seen from
Tables 4a,b that all in-plane stress components increase with aging. The von Mises
equivalent stress was also calculated to confirm that the measured stresses did not cause
'yielding of the inclusions. The data from the aging experiments performed in air can be
found in [20, 21]. |

4. Effects of Inclusions on Residual Stress Measurements

It was shown above that the XRD-E/M-T method can be very useful in residual stresses
measurements in high temperature polymer matrix composités and that the effects of
aging and external loads can be monitored. In this section, several other important
factors are examined, related to the application of embedded ellipsoidal metallic
inclusions to the measurement of residual stresses. These factors have not been accounted
for in our previous analyses [15-22]. In particular, the effects of the volume fraction of
inclusions, their aspect ratios and the local interactions between individual inclusions on

- the XRD stress measurements needed to be established. .
4.1 Effect of varying volume fractions of inclusions

The actual XRD stress data were obtained from many different clusters of embedded Al
inclusions. Since the dimensions of the incoming X-ray beam were several orders of
magnitude larger than any individual inclusion the measured strains were averaged over
multiple inclusions. Based on our SEM analysis [15, 16], it was determined that most of
the inclusions formed clusters with varying volume fractions. Furthermore, it was
impossible to precisely determine the distributions of the inclusions in the area from
which the XRD measurements were performed. Therefore, to evaluate the influence of
the volume fraction of inclusions on the calculated stresses in the composite, one needs to
determine these stresses assuming a differeﬁt volume fraction each time. The difficulty
associated with this approach is that a single set of XRD data must be arbitrarily chosen,
before any calculations may take place. The scatter in the experimental XRD results was

quite significant [15-22], so it was not clear if the é.rbitrary choice of the experimental
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results could influence the calculated stresses in the composites. In order to overcome this
difficulty, three sets of experimental data (the highest, the lowest and the average

measured strains) for both unidirecticnal and woven composites were used. |

Subsequently, the stresses in the composites were calculated from the chosen XRD
strains assuming a different volume fraction of inclusions. The results of these
computations for two composite systems are presented in Figures 9a-b. It is clearly seen
in these figures that the calculated interlér_ﬁinar residual stresses do not significantly
depend on the assumed Volufne fraction of embedded inclusions for both unidirectional
and woven composites. It can also be observed that the scatter in the computed residual
stresses, indicated by the error bars in Figures 9a-b, due to the experimental errors in the
XRD measurements is considerably larger than the effect of the volume fraction of

inclusions.
4.2 Effect of inclusion shape

Another source of possible inaccuracy of the method that needed to be examined was an
~ uncertainty related to the shape of the embedded inclusions; In our analyses we have
assumed so far that that the inclusions are perfectly spherical [15-22]. However, based on
our SEM obsérvations [15], this assumption was found to be not always strictly correct.
Therefore, an analytical approach proposed for ﬂie determination of strains and stresses
in randomly oriented spheroidal inclusions [44, 45] was employed in this work to
establish the relationship between the shape of the embedded inclusions and the
calculated stresses in the composites. A random orientation of the inclusions was
assumed which agreed well with our SEM observations [15]. In addition, the interlaminar
stresses were also computed assuming that the inclusions were perfectly aligned along the
fiber direction. '

Figﬁres 10a-b illustrates the the;'rnal residual stresses in the composites as a function of
the aspect ratio of the embedded inclusions for the unidirectional and woven composites,

respectively. The results were obtained from the average XRD strains. It is evident when
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examining the data in Figures 10a-b that all three stress components do not depend to any
great extent upon the shape and orientation of the embedded inclusions. In particular, for
the experimentally determined range of aspect ratios, denoted by the shaded areas in
Figures 10a-b, the stress changes are essentially negligible for all considered composites
and orientations. Also, the interlaminar stresses calculated from the aligned inclusions are
generally more sensitive to the changes in the aspect ratio than the stresses determined

from the randomly oriented inclusions.
4.3 Effects of interactions between individual inclusions and of distribution patterns

The aluminum inclusions used in the XRD experiments can locally form clusters with
high concentrations of inclusions, even higher than 47%, aé indicated in Figures la-b.
Therefore, the average distance between the inclusions in the densely packed clusters can
be very small with respect to the size of the inclusions. Consequently, the local
interactions between the embedded inclusions may considerably disturb the stress and
strain fields at the microscopic level, WhichA could also affect the XRD data. The
Eshelby/Moﬁ—Tanaka approach - (equations 3a-c) only accounts for the average
intéractions between the inclusions [46]. To numerically estimate the potential inaccuracy
of our method caﬁsed by neglecting the interactions between individual inclusions, we
extend the Eshelby/Mori—Tanaka approach to include the individual interactions effect
using the model proposed in [47]. | ‘

It would be almost imposéible to numerically determine the interactions between all
iﬁdividual Al inclusions in an average size cluster due to the sheer number of inclusions,
which could be larger than several thousands. On the other hand, the individual
interactions are only considerable between the inclusions, which are located fairly close
to each other [47, 48]. For these reasons, we explicitly modeled the interactions only
“inside a fe,latively small sub-cluster that consisted of up to no more than 125 inclusions
(see Figures la-b)..By prescribing the far-field strains eT"MY (with o™= CM:ST'M) to the

sub-cluster at infinity, the average influence of the remaining inclusions in the cluster is

considered in the computations. The magnitude of &*™ is determined based on the




average strain field in the interacting inclusions in the sub-cluster using the following

equation:
N
v Mr( 4 iy ) T—M)) ( Mr( TMs))_ Mat 4
N Z(Cyk;l EqtEy —Ey +&y +(1-v) Cijk? Ey tE&y = Cijkl €u (6)
i=1 .

where N is the number of inclusions in the sub-cluster, & ® is the constant eigenstrain for

the i inclusion and &% is the disturbance strain for the i inclusion given by:

aa) _ o9 ) Q (outsm’e)
&y Syk;gld +2Sylc1

-1

fr::[)

g forl=1,2,...N ' @)

where S® is the Eshelby tensor for the interior points of inclusion Qy, and S®vside) g

the Eshelby tensor for the exterior points of inclusion Q; (=1, 2,...,N and r=I) computed
at the center point x, of inclusion Q. Since the numerical values of the Eshelby tensors
for the exteriof points depend on the relative position of the interacting inclusions, the
disturbance strains £® (=1, 2,...,N) consider also the effect of individual interactions.

More information about this model and the numerical procedures used can be found in
[48]. |

Table 5. Interlaminar stresses in unidirectional (2) and woven (b) composites calculated

as a function of the number of interacting inclusions and distribution patterns.
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Number of

inclusions Random distribution Simple cubic Eshelby/Mori-Tanaka
in sub- | distribution |
cluster
G111 G22 G33 G11 22 033 o G22 O33
[MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] [MPa] [MPa]
1 57.1 | 42.0 | 28.0 | 57.1 420 | 28.0
27 573 | 42.1 282 | 55.1 423 | 303 57.1 42.0 | 28.0
125 57.0 | 423 | 28.7 | 54.8 | 4237 | 30.8
2)
Number of
inclusions Random distribution Simple cubic Eshelby/Mori-Tanaka
in sub- distribution
cluster k
Cu C22 033 Su 022 033 - Ou C22 033
[MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa]
1 707 | 71.1 | 366 | 70.7 | 711 | 36.6 ]
27 708 | 70.8 | 373 | 694 | 69.7 | 404 | 70.7 | 71.1 36.6
125 70.6 | 70.9 | 38.1 692 | 69.3 | 41.1
b)

The residual stresses in the unidirectional and woven composites computed using the

Eshelby/Mori—Tanaka model and the model proposed in this study that considers the

interactions between the individual inclusions are shown in Tables 5a -b. Only the results

from the linear elastic computations are presented here using the actual average XRD

stress data for the Al inclusions. Since the differences between the elastic and visco-

* elastic results in Tables 2a-b are less than 10% and the visco-elastic case is modeled as a

finite sum of elastic solutions anyway, the effect of inclusion interactions and distribution
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patterns shown in Tables 5a-b should be quite representative for the visco-elastic cases
- also. Most importantly, the effect of the interactions between individual Al inclusions
should not influence the residual stress analysis discussed in this work based on the data
listed in Tables 5a-b. Also, no noticeable effect of the distribution pattern (random vs.
simple cubic) of the inclusions was observed. |

<

4. Advantages and Disadvantages of the XRD-Eshelby/Mori-Tanaka approach
4.1 Advantages

It has been recently shown that the thermal residual stresses could be accurately
determined from the stresses measured by XRD in embedded aluminum inclusions in
high temperature polyimide matrix composites [15-22]. It was also indicated that the
original work by Predecki and Barrett [8-11] was correct in concept. Most importantly,
the initial observations made in [15-22] were validated by testing two composite systems
much more suitable for this purpose, with much higher residual stresses than the original
graphite fiber epoxy systems [23-33]. Owing to the recently gained experience in this
study, séveral advantages and disadvantages of the XRD-Eshelby-Mori-Tanaka method
can be enumerated regarding its applicability to the‘ residual stress determination in

polymer matrix composites.

With regard to the advantages, (1) the method is accurate enough to determine stresses
non-destructively to within a few MPa and to distinguish between the residual stresses in
unidirectional and woven composites based on the same fibers and matrix [15-18, 20].
Moreover, (2) the effect of external loads on the interlaminar stresses in the composites
can be investigated using this method [16, 17, 20, and 22]. (3) The meth@d was also
found to be very useful in the investigation of graphite polyimide composites subj ected to
aging.in nitrogén [19-21]. With additional modifications/developments it could be also
useful for monitoring aging in composites aged in air, however the effect of volumetric
shrinkage and internal cracking on the internal stresses in the composites would have to

.be determined first which might not be a straightforward task. (4) The embedded Al
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inclusions were found not to affect the strength of the composites despite their relatively
large numbers, which is certainly an advantage [22]. The plastic deformation of the
inclusions appears to be a shielding mechanism against the initiation of micro-cracking

around the inclusions under large bending loads.

Another very important feature of the method which should be treated as a major
advantage (5) is its ability to gather enough visco-elastic information about the matrix
that the extraction process of the stresses in the composites from the stresses in the
embedded inclusions can be made under linear elastic conditions [17, 20]. Since the
visco-elastic properties of a polymer are already included in the data from the inclusions,
.relatively small errors are created if the visco-elastic properties of the matrix are
neglected in the modeling part. (6) It was also shown that if Al inclusions are used, the
effect of their oxidation during aging at 315°C does not influence the stress-
measurements up to 1000 hours [21]. For longer exposure times or temperatures, either
Au or Au-Pd inclusions would have to be used to avoid severe oxidation. The final inaj or
 advantage of the method (7) is the fact the interactions between the inclusions can be
ignored and the classical Eshelby-Mori-Tanaka approach .can used to calculate the

stresses.
4.2 Disadvantages

Despite the above advantages of the methods developed so far, there are “also
disadvantages. First of all, (1) the method requires that inclusions having sufficient strain
response to residual stresses in the surrounding matrix be incorporated into the composite
during manufacturing. (2) The methods can be successfully used only if ellipsoidal
inclusions are employed as strain sensors. When irregular Ag inclusions were used [15]
the results were less than satisfactory. Also, (3) the method is very sensitive to depth of
the inclusions beneath the surface if conventional parafocusing optics are used, leading to
errors in diffraction peak positions. To prevent these errors, parallel-beam optics must be
used. Even then, it is preferable to have the embedded inclusion forming a layer parallel

to the surface of the specimen to reduce scatter in the stress results. In addition, (4) the
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method provides only the total residual stresses in the inclusions, averaged over the
irradiated Volumle. To calculate residual intralaminar stresses, additional either analytical
or numerical models must be used, especially in the case of woven composites [16]. (5)
The method also cannot be used to monitor residual stresses larger than the yield stress of
the embedded inclusions [22] and (6) cannot be used successfully in its present form to
monitor weak residual stresses due to its rather low resolution with conventional
laboratory diffractometers. (7) The final disadvanta_ge of the method in its present form
is that the large number of inclusions densely packed in the interlaminar regions and
forming lens-shape clusters could affect the composite architecture [15] and some
mechanical properties. However, this could be overcome by minimizing the volume
fraction of inclusions and using stronger X-ray sources.

Thé above list of advantages and disadvantages clearly shows the major benefits and
drawbacks of the XRD-E/M-T method as used thus far for the determination of residual
stressés in graphite/polyimide compbsites. Most likely other advantages and
disadvantages would be identified if the method was applied to other composites
subjected to other mechanical and thermal conditions and exposed to aging in
environments other than nitrogen or air. With additional research efforts this method
could be further refined to mc;nitor residual stress distributions even more accurately in

advanced polymer matrix composite systems both in the laboratory and in the field. -
Conclusions

The applicability of the method based on XRD measurements of residual stresses in
embedded metallic ellipsoidal inclusions in conjunction with the Eshelby/Mori-Tanaka
mode]l for the determination of residual interlaminar stresses in polymer matrix
composites was discussed in this work. The method was effectively used in this research
to estimate the residual stresses in unidirectional and woven composites based on T650-
35 graphite fibers embedded in a PMR-15 polyimide matrix subjected to external loads of
various magnitudes and to aging. Despite several clearly identified disadvantages, the

method can be recommended for the determination of residual stresses in polymer matrix
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composites with moderate to large residual stress concentrations, particularly with the use

of higher intensity X-ray sources.
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Figure Captions

¢

Figure 1. Al inclusions distributed in the interlaminar region of (2) unidirectional and (b)
8HS woven T650-35/PMR-15 composite.

Figure 2. Definition of angles ¢ and y, and the specimen coordinate system x;, X2, X3.
Figure 3. Two examples (a and b) of sin® v plots for embedded Al inclusions.

Figure 4. Model used for the determination of residual strains and stresses in the matrix

from the XRD strains and the close range strains.

Figure 5. X-ray four-point bend tests on composite specimen with embedded inclusions

(schematic).

Figure 6. XRD von Misses stresses in aluminum inclusions as a function of the bending

strain; (2) in two unidirectional and (b) two woven T650-35/PMR-15 specimens.

Figure 7. T650-3 5/PMR-15 specimens (2) unidirectional and (b) woven aged in nitrogen
at 315°C up 1064 hours. ' '

Figure 8. Examples of damage in (a) unidirectional and (b) woven T650-35/PMR-15

specimens aged in air at 315°C for 1064 hours.

Figure 9. Residual stresses in T650-35/PMR-15 composites as a function of the volume

- fraction of embedded inclusions; (a) unidirectional and (b) woven 8HS composites.

‘Figure 10. Residual stresses in T650-35/PMR-15 composites as a function of the aspect

ratio of embedded Al inclusions; (a) unidirectional composite, (b) woven 8HS composite.
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Figure 11. Cluster and sub-cluster of aluminum inclusions between the first and second

plies.
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b)
Figure 1. Al inclusions distributed in the interlaminar regioon of (a) unidirectional and (b)
8HS woven T650-35/PMR-15 composite.
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Figure 4. Model used for the determination of residual strains and stresses in the matrix

from the XRD strains and the close range strains.
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Figure 5. X-ray four point bend tests on composite specimen with embedded inclusions

(schematic).
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Figure 6. XRD von Misses stresses in aluminum inclusions as a function of the bending
strain; (a) in two unidirectional and (b) two woven T650-35/PMR-15 specimens.




Figure 7. T650-35/PMR-15 specimens (a) unidirectional and (b) woven aged at 315°C in
nitrogen up 1064 hours.
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Figure 8. Examples of damage in (2) unidirectional and (b) woven T650-35/PMR-15

specimens aged in air at 315°C for 1064 hours.
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Figure 9. Residual stresses in T650-35/PMR-15 composites as a function of the volume
fraction of embedded inclusions; (a) unidirectional and (b) woven 8HS composites.
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